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STUDIES ON INBREEDING 

III. THE EFFECTS OF INBREEDING, WITH SELECTION, ON THE SEX 
RATIO OF THE ALBINO RAT 

HELEN DEAN KING 
The Wktar Imtituk of Anaiomy and Biology 

ONE FIGURE 

During the latter part of the nineteenth century it was gener- 
ally believed that sex in man and in various animals is determined 
mainly by the amount of nourishment that the embryos receive; 
well nourished embryos were supposed to become females; those 
that were poorly nourished were assumed to develop into males. 
A considerable amount of evidence in favor of this view was 
collected by Diising {^83, ^84, ’86), who maintained, furthermore, 
that close inbreeding interferes with embryonic nutrition, by 
lessening the vitality of the mother, and so produces a great 
excess of male young. 

In the literature of the succeeding twenty years that deals 
with the subject of sex determination, Diising’s statement regard- 
ing the effect of inbreeding on the sex ratio was widely quoted 
and generally credited. Those who challenged the truth of the 
assertion were, in the main, advocates of the ancient theory, 
generally ascribed to Hippocrates (460-377 B.C.), that sex is 
determined in the ovary; eggs from the right ovary producing 
males and those from the left ovary developing into females. 
During this period three series of expenments were made that 
give data regarding the sex-proportions in a closely inbred stock. 
Huth (’87) inbred rabbits, brother and sister, for six generations 
and found a relatively low sex ratio (78.8 c?; 100 9) among the 
ninety young in which the sex was ascertained; Copeman and 
Parsons (’04) obtained a similar result in their inbreeding experi- 
ments with mice. Schultze (’03) concluded that inbreeding 
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has no pronounced tendency to produce an excess of male young, 
although he found a high sex ratio (llO.Qcf : 100 $) among 135 
mice that were the offspring of brother and sister matings. The 
question as to whether inbreeding does or does not alter the sex 
ratio was not satisfactorily answered by any of these experi- 
ments, for in each case the number of animals used was small, 
and there was, apparently, no selection of the best stock for breed- 
ing or -any way of checking the results. Moreover, none of these 
investigations were continued long enough to give evidence that 
could be considered as conclusive. 

The effects of inbreeding on the sex ratio seemed to me to be a 
problem of sufficient importance to warrant a careful and pro- 
longed investigation. For if it were possible to swing the sex 
ratio of any animal in a definite direction by factors that could be 
controlled, one might hope to gain valuable infomiation regard- 
ing the nature of sex — a problem that has been a favorite subject 
of speculation for many centuries and one that modem methods of 
research have not, as yet, satisfactorily solved. 

1. MATERIAL, METHOD, AND SCOPE OF THE INVESTIGATION 

The albino rat (Mus norvegicus albinus) was the animal used 
in this investigation, which was begun in 1909, Details regarding 
the manner in which the experiments were conducted were given 
in the first paper of this series (King, T8), but it has seemed ad- 
visable to repeat them here in order to give a clear understanding 
of the way in which the problem has been approached. 

The basis of the inbred strain was a litter of four albino rats, 
two males and two females, taken from the general colony of 
these animals maintained at The Wistar Institute of Anatomy 
and Biology in Philadelphia. The litter was selected for the 
purpose in view solely because of its size, not because of the 
ancestry or the vigor of the animals. One of the two females 
in the litter was called and her descendants form the A 
series of inbreds; the other female was called ‘B’, and her de- 
scendants are the B series of inbreds. 

vSince the mating of brother and sister from the same litter is 
the closest form of inbreeding possible in mammals, such matings 
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would be expected to be more potent than any other kind in 
producing an alteration in the sex ratio. In these experiments, 
therefore, brother and sister matings only were used to obtain 
strictly inbred litters from which all females used for breeding 
were taken. The plan of breeding that was followed through the 
first twenty-five generations of these animals was this; Females 
A and B, as well as all of the females in their respective lines 
that were subsequently used for breeding, were paired twice with 
a litter brother and then twice ^th an unrelated male taken 
from the stock colony, i^ex records for the first two litters 
produced by any group of females might be expected to show 
whether inbreeding had any effect on the sex ratio; sex data for 
the third and for the fourth litters cast by these same females 
would, it was hoped, indicate whether the male or the female 
was responsible for the alteration, if any, in the sex ratio. For 
convenience the litters obtained from the mating of inbred fe- 
males with stock males are here designated as ‘half-inbred' 
litters; no animals from such fitters have ever been reared. 

Emphasis should be placed on the fact that, with few exceptions, 
the sex data given in this paper were obtained by examining the 
litters very soon after their birth. The sexes can readily be 
distinguished at this time, as Jackson (T2) has shown, and if 
accurate sex data are wanted it is imperative that they be taken 
as soon as possible, since the young that are stillborn, or those 
that die soon after birth, arc usually eaten by the mother within 
a few hours. 

In order to keep track of a large series of animals it was neces- 
sary to find some way in which the pedigree of any particular 
individual could be told by a glance at the record card. The 
scheme of marking devised, which is outlined below, has proved 
to be very convenient and also most satisfactory for the filing 
of permanent records. The letter A or B is used to show from 
which of the two females, A or B, the animal was descended, and 
thus places the individual in its proper series. The serial letter 
is preceded in all cases by a number which signifies the generation 
to which the animal belonged. An index number, 2, 3, or 4, 
following the serial letter shows in which of the mother’s litters 
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the animal was bom; if no index number is used the rat was a 
member of its mother’s first litter. The subscript following the 
serial letter is the number which serves to distinguish each 
particular rat from the other rats belonging to the same genera- 
tion and litter group. When it is desired to indicate the sex of the 
individual its number is inclosed by the sex symbol. An illustra- 
tion will, perhaps, render the scheme clearer. 



This symbol denotes a female rat belonging in the seventh 
generation of the A series of inbreds. She' was a member of the 
second litter cast by her mother, and her ilftlividual number in 
the series of rats belonging to the second litters of the seventh 
generation was twenty. 

In the early generations of both inbred series the animals 
suffered severely from malnutrition which produced a marked 
effect on their growth, fertility, and longevity, as previous papers 
in this series have shown (King, T8, ’18 a). During this period 
a considerable proportion of the individuals were sterile, and it 
was not possible to select animals for breeding; any rats that 
would breed at all were used to continue the strain. Nutritive 
conditions were improved at the time that the rats of the fourth 
inbred generation were approaching maturity, and a decided 
improvement in the condition of the animals was noted in a very 
short time: they gained rapidly in weighty the litters cast became 
larger and sterility almost disappeared. At this stage of the 
investigation it became possible to attempt to alter the sex 
ratio by selection within the inbred strain. From the seventh 
generation on, every female in the A series of inbreds that was 
used for breeding was taken from a litter that contained an excess 
of males; breeding females in the B series of inbreds were all 
taken from litters containing an excess of females. The plan 
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of pairing a female twice with a litter brother and then twice 
with an unrelated stock male was continued through the first 
twenty-five generations of both inbred series. 

In each series litterg having the desired sex ratio were reared 
as possible breeding stock only when the young were of large size 
and lusty at birth; all other litters were discarded regardless of 
their sex ratio. At the time that the animals became sexually 
mature the largest and most vigorous pairs were the ones taken 
to continue the strain. Selection* of breeding stock, it will be 
noted, was based primarily on the sex ratio in the litters, not on 
the size or on the vigor of the young. This means that the 
animals in one generation that became the progenitors of the 
succeeding generation were selected because of their parents, 
tendency to produce young of a certain sex. ' A pair of rats that 
produced two litters, each of which had the desired sex ratio, 
was considered as having an unusually strong tendency to pro- 
duce unisexual young; individuals from each of these litters were 
used for breeding when possible. The basis of the selection, 
therefore, was along the line in which Pearl (T2, T2a, ’17) has 
obtained such marked success in increasing egg production in 
poultry, i.e., according to the ability of the parents to transmit 
to the offspring the quality desired. 

In the early part of this investigation the number of breeding 
females was, of necessity, small, but in the later generations about 
twenty females in each series were used for breeding, so that at 
least 1000 rats were obtained in each generation of the inbred 
strain. Sex records for the first twenty-five generations are 
given in the present paper; the data comprise 3408 litters con- 
taining 25,452 individuals. 

2. THE NORMAL SEX RATIO IN THE ALBINO RAT 

The normal sex ratio in any species can properly be determined 
only by obtaining the sex data for the total number of offspring 
produced by many females during the entire period of their 
reproductive activity. Unfortunately, no such series of data 
for the albino rat have been recorded, and only two sets of ob- 
servations regarding the normal sex ratio in this animal have, 
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as yet, appeared. Cu§not ('99) examined thirty litters of albino 
rats, containing 255 young, and found a sex ratio of 105.6 (f: 
100 9 ; data for 1089 litters of stock Albinos, collected by King and 
Stotsenburg ('15), gave a sex ratio of 107.5cf : 1009. Neither 
of these determinations seemed to furnish a proper standard for 
comparison with the sex ratios obtained in the inbred strain, 
even though they differed by less than two points. The number 
of individuals examined by Cu6not was too small to give results 
of much statistical value. The sex ratio given by King and 
Stotsenburg was based on the findings for a relatively large 
number of animals, but the litters recorded were, for the most 
part, cast by 'females that had not reached the height of their 
reproductive activity. The sex ratio among the offspring of 
young females could not justly be taken as a norm for the Albino 
strain in general, since it has been shown that in the albino rat 
the sex of the young seemingly depends, to a certain extent, on 
the age of the mother (King, T6 a). 

In order to ascertain the normal proportion of the sexes in 
the strain of Albinos from which the inbred animals were taken, 
I obtained the complete breeding history of a considerable num- 
ber of stock females during the past four years. As all of these 
individuals were reared under the same environmental conditions 
as the inbred rats, the sex ratio among their young would seem 
to be a suitable standard by which to judge the sex ratios found 
in various generations of the inbred animals. To make the ratios 
more strictly comparable, the data for only the first four litters 
of the stock series were used in computing the sex ratio which 
was to serve as the norm. These data, arranged by litter groups, 
are shown in t^le 1. 

TABLE 1 


Showing the sex ratios in the first four litters of a series of stock albino rats 


UTTBB &BBII8 

NU31BEB UTTBBB' 

NUMBER 

INDIVIDUAIR 

MALES 

FBMALXS 

NUMBER MALES 
TO too FEMALES 

1 

116 

717 

385 

332 

115.9 

2 

116 1 

843 

426 , 

417 ! 

102.2 

3 

103 

671 

328 

343 

95.6 

4 1 

89 

587 

302 

285 

105.9 


424 

2818 

1441 

1377 

104.6 
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Table 1 shows that there was a relatively large excess of males 
in the first litters cast by this series of stock femal/BS (115.90^: 
100 9), and that in succeeding litters the sex ratio tended to fall 
considerably. A similar change in the sex ratio of successive 
litters of mice was noted by Copeman and Parsons ('04), and was 
found also by King and Stotsenburg (T5; table 7) in a series of 
stock albino rats. Large groups of statistics for human births, 
as summarized by Ahlfeld (76), by Diising ('83, '84), by Punnet 
(’03), and by Newcomb (’04), all show that the sex ratio is very 
high among the first children of young mothers and then tends to 
fall with succeeding births until the mother is about thirty years 
old. Whether a similar change in the sex ratio is characteristic 
of other mammals has not been determined as yet. 

Among the 2818 individuals comprised in this series of stock 
litters there were 104.6 males to each 100 females. A sex ratio of 
105 : 100 9 was, therefore, taken as the norm by which to judge 
the sex ratios obtained in the various groups of inbred rats. This 
sex ratio, it will be noted, is very close to that given by Cu4not, 
and is lower, by over two points, than the sex ratio found in the 
large group of stock Albinos bom in The Wistar Institute colony 
during the years 1911-1914 (King and Stotsenburg, 15). 

3. THE SEX RATIO IN INBRED LITTERS OF ALBINO RATS 

The A series of inbred rats may be designated as the ‘male 
line,' since after the sixth generation all of the breeding females 
in this series were taken from litters that contained an excess of 
males. Tabic 2 gives, by litter groups, the sex data for the 13,1 16 
individuals obtained in the first twenty-five generations of this 
series. 

Table 2 is inserted chiefly for reference, and a detailed analysis 
of the data, as given, will not be attempted. The summary of 
the data for the various litter groups shows that the sex ratio for 
the first litters produced was much higher than that for the 
second, third, and fourth litters. A similar change in the sex 
ratio was noted in the litter series of stock animals given in table L , 

The B series of inbreds is called the lemale line,’ since, after 
the sixth generation, all breeding females in this series came from 
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litters containing an excess of females. Reference data showing 
the proportion of males and females produced in the various 
generations of this series are given, by litter groups, in table 3. 
The data comprise a total of 1656 litters containing 12,336 
individuals. 

The summary for each of the four litter groups of the B series 
(table 3) shows that the sex ratio was at its lowest point in the 
first litter group, and then tended to rise in each of the subsequent 
groups. This is a reversed relation of the sex ratios to that shown 
in the litters of the stock controls (table 1) and in the litter groups 
of the A series (table 2), and would seem to indicate that some 
agency, other than environment or the age of the mother, had 
influenced the relative proportion of the sexes in this series of 
animals. 

In order to compare the sex ratios in the litters sired by inbred 
males with the sex ratios in the litters sired by stock males, the 
sex records for the first and second litters produced in each 
generation of the two series were combined, as were also the 
records for the third and fourth litters. Table 4 shows the 
combined data for the litter groups of the A series; table 5 shows 
similar data for the litter groups of the B series. 

Reference to the data given in table 4 and in table 5 will be 
made later. 

To facililate an analysis of the results obtained in the A 
series of inbreds, the data, as shown in table 4, were combined in 
generation groups (table 6). This grouping of the data was 
purely arbitrary. It seemed useless to compare such large series 
of records generation by generation, or even to combine the records 
for two succeeding generations. Since after the sixth generation 
the selection qf breeding animals was made according to a 
definite plan, it would seem that, logically, the data for the first 
seven generations should form one group. Such a group, how- 
ever, was too large for the purpose of ascertaining whether 
selection produced a varying effect in different generations. It 
was finally decided to make a total of eight groups, each of which, 
except the first, should contain the data for three generations. 
Because of the small number of individuals, records for the first 
four generations were combined in one group. 



{data arranged in litter groups) 
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TABLE 4 


Shoiaing the sex ratios in the inbred and in the half-inbred litters produced in each 
of the first twenty-five generations of the A series of inbreds 


g 

0 

H 

55 

§ 

IlfBKSD ' 

(raST AND BrCOND littebb) 

HALT- INB BED 

(thibd and fodbth littebb) 

BOMMAKT 

OF ALL LnrTBBB 

Number of lit- 
ters 

c 

s; 

S 

-3 

S 

8 

1 

cl 

sfs 

"o 

1 

ll 

Number of in- 
dividuals 

S 

"rt 

n 

'S 

e-^ m 

■2 si 

a 

z 

"o 

a, 

ll 

Number of in- 
dividuals 

oa 

*2 

s 

S 

1 « 

a 

Number of 
males to 100 
females 

1 

2 

14 

6 

8 

75.0 

2 

15 

13 

2 

650.0 

4 

29 

19 

10 

190.0 

2 

7 

47 

22 

25 

88.0 

6 

33 

19 

14 

135.0 

13 

80 

41 

39 

105.1 

3 

12 

61 

27 

34 

79.1 

10 

48 

24 

24 

100.0 

22 

109 

51 

58 

87.9 

4 

25 

135 

73 

62 

117.4 

14 

98 

57 

41 

139.0 

39 

233 

130 

103 

126.2 

5 

36 

247 

123 

124 

99.2 

25 

169 

77 

92 

83.7 

61 

416 

200 

216 

92.6 

6 

30 

196 

99 

97 

102.1 

25 

149 

81 

68 

119.2 

55 

345 

180 

165 

110.0 

7 

32 

230 

138 

92 

1^.0 

24 

170 

97 

73 

' 132.9 

56 

400 

235 

165 

142.4 

8 

1 34 

264 

143 

121 

118.2 

t 23 

156 

86 

70 

122.9 

i 57 

, 420 

2‘29 

191 

119.9 

9 

34 

228 

, 122 

106 

1 115.0 

28 

1 197 

98 

99 

99.0 

62 

425 

220 

205 

107.3 

10 

40 

■ 287 

. 147 

140 

1 105.0 

37 

298 

152 

146 

104.1 

77 

585 

299 

286 

104.5 

11 

42 

314 

186 

128| 

145.3 

38 

299 

155 

1441 

107.6 

80 

613 

341 

272 

121.9 

12 

40 

299 

175 

124 

141,1 

36 

292 

153 

139 

110.2 

76 

591 

328 

263 

124.7 

13 

44 

340 

179 

161 

111.2' 

4l! 

313' 

183' 

130 

140.8' 

85' 

653 

362 

291 

124.4 

14 

42 

327' 

174 

153 

113.7 

39' 

318 

178 

140 

127.1 

81 

645 

i 352 

1 293 

1 120.1 

15 

46| 

364! 

212! 

152 

139.5 

38 

309 

158 

151 

104.6 

84 

673 

1 370 

' 303 

122,1 

16 

42 

308 

172 

136 

126,5 

28 

183 

105 

78 

134.6 

70 

491 

277 

214 

129.7 

17 

54 

454 

241 

213 

113.1 

48 

391 

210 

181 

116.0 

102 

845 

451 

394 

114.5 

18 

46 

365 

201 

164 

122.6 

34 

274 

148 

126 

117.5 

80 

639 

349 

290 

120.0 

19 

46 

325 

186 

139 

133.8 

37 

290 

158 

132 

119.7 

83 

615! 

344 

271! 

126.9 

20 

54 

417 

231 

186 

123.1 

40 

279 

157 

122 

128.7 

94 

696 

388 

308 

126.0 

21 

54 

416 

226 

190 

118.9 

48 

410 

209 

201 

104.0 

102 

826 

435 

391 

111.3 

22 

54 

437 

241 

196 

> 123.0 

41 

331 

168 

163 

103.1 

95 

768 

409 

359 

113.9 

23 

5C 

1 369 

1 215 

> 164 

: 139. C 

i 41 

. 303 

; 167 

’ 136 

122.8 

91 

672 

382 

290 

131.7 

24 

5C 

1 384 

: 208 

1 176 

i 118.^ 

! 43 

1 317 

161 

. 156 

103.2 

1 93 

1 701 

369 

332 

: 111.1 

25 

5S 

5 376 

; 201 

17£ 

; 114. £ 

) 38 

i 27C 

1 15^ 

^ 116 

132.8 

; 90 

1 646 

355 

291 

122.0 


m 

;7204 

t3948 

13256 

> 121.2 

; 78^ 

t5912 

13168 

1274^ 

t 115.^ 

il752 

113116 

7116 

6000 

1 117.4 


As the number of individuals in each of the first seven genera- 
tions of the A series was comparatively small, it is not surprising 
that the sex ratios in the inbred and in the half-bred groups of 
litters should show a wide range of variation (table 4). When the 
records for these generations were combined, as sho\vn in table 
6, it was found that the 144 inbred litters hada sex ratio of 110.4 cf ; 
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TABLE 5 

Showing the sexralios in the inbred and in the kalJ4nbred littera produced in each of 
the first twenty-Jwe generations of the B series of inbred 


K 

0 

p 

e 

7. 

(first and second litters) 

HALF-INBRED 

(second and third utters) 

SUMMARY or ALL LITTERS 

^ * 

'A 

6 

s!s; 

1 

"3 

s 


Number of lit- 

s.> 

srs 

at 

Is 

s 

*3 

s ■ 
«) 

oS 

t- 0 

rj 

s 2 » 
Z 

Number of lit- 
te rs 

Number of in- 
dividuala 

1 

'3 

S 

Number of 
males to 100 
cfmalss 

1 

1 

5 

2 

3 

66,7 






1 

5 

2 

3 

66.7 

2 

4 

31 

12 

19 

63.2 

3 

26 

12 

14 

85.7 

7 

57 

24 

33 

72.8 

3 

12 

62 

34 

28 

121.4 

2 

9 

5 

4 

125.0 

14 

71 

39 

32 

121.9 

4 

19 

135 

74 

61 

121.3 

10 

74 

36 

38 

94.7 

29 

209 

110 

99 

111.1 

5 

40 

291 

148 

143 

103.5 

31 

245 

122 

123 

99.2 

71 

536 

270 

266 

101.5 

6 

30 

.224 

120 

104 

115.4 

22 

176 

92 

84 

109.5 

52 

400 

212 

188 

112.9 

7 

30 

184 

96 

88 

109.1 

25 

182 

86 

96 

89.6 

1 55 

366 

182 

184 

98.9 

8 

30 

237 

115 

122 

94.3 

16 

115 

58 

57 

101.8 

46 

352 

173 

179 

96.6 

9 

40 

309 

152 

157 

96.8 

27 

176 

94 

82 

114.6 

67 

485 

246 

239 

102.9 

10 

34 

249 

115 

134 

85.8 


200 

100 

100 

100.0 

64 

449 

215 

234 

91,9 

11 

38 

240 

115 

125 

92.0 

36 

287 

138 

149 

92.6 

74 

527 

253 

274 

92.3 

12 

40 

314 

158 

156 

101.3 

31 

222 

100 

122 

82.0 

71 

536 

258 

278 

92.8 

13 

42 

322 

127 

195 

65.1 

32 

254 

120 

134 

89.6 

74 

576 

247 

329 

75.1 

u 

42 

277 

125 

152 

82,2 

38 

293 

142 

151 

94.0 

80 

570 

267 

303 

88.1 

15 

40 

269 

119 

150 

79.3 

37 

313 

160 

153 

104.5 

77 

582 

279 

303 

92.1 

10 

48 

342 

142 

200 

71.0 

41 

322 

148 

174 

85.1 

89 

664 

290 

374 

77.5 


44 

328 

142 

186 

76.3 

38 

286 

135 

151 

89. 4| 

82 

614 

277 

337 

82.2 

18 

46 

348 

159 

189 

84.1 

40 

320 

152 

168 

90.5 

86 

668 

311 

357 

87.1 

19 

48 

407 

171 

236 

72,5 

35 

291 

127 

164 

77.4 

83 

698 

298 

400 

74.5 

20 

52 

353 

159 

194 

82.0 

32 

245 

124: 

121 

102.5 

84! 

598 

283 

315 

89. 8 

21 

48 

365 

168 

197 

85.3 

34 

250 

114 

136 

83.8 

82 

615 

282' 

333 

84.7 

22 

52 

384 

178 

206 

86.4 

43 

350 

163 

187 

87.2 

95 

734 

341 

393 

86.8 

23 

44 

376j 

]6oj 

211 

78.2 

45 

271 

116 

155 

74.8 

79 

647j 

281 

366 

76.8 

24 

54 

396 

172 

224 

76.8 

43 

289 

148 

141 

105.0 

97 

685 

320 

365 

87.7 

25 

52 

377 

169 

208 

81,3 

45 

315 

150 

165 

90.9 

97 

692 

319 

373 

85.5 


930 

6825 

3137 

3688 

85.1 

726 

5511 

2642 

2869 

92,1 

1656 

12336 

5779 

6557 

88.1 


100 9 , and that the 106 half-inbred litters had an even higher 
proportion of males (114.0 d’ : 100 9). For the total of 250 
litters the sex ratio was 113.26^ : 100 9 . 

Until the seventh generation, as already stated, there was no 
selection of breeding animals in either series. As the sex ratio 
among the animals in the early generations of the A series was 
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TABLE 6 

Showing, by generation groups, the sex ratios in the inbred and in the half<nbred 
letters of the A series {male line) 


n ' 
h 

5 1 

INBRED 

(WHST AND SECOND UTTEES) 

HALF-INBBED 

(iHffiD AND FODETH UTTEHS) 

SDMMART or ALL LITTERS 

s 

0 

Is 

0 

% 

« 

R 

a 

1 

0 

O ' 

% ' 

.9 

a.b 

1 

5 1 

S 1 

a 

r® 1 

!*4 ' 

h 9 

32 3 

0 

1 '! 

.£ 

B> 

Z 

g 

1 

B 

r® 

®l 

«■** * 

r. J H 

ai 

z 

a 

1 . p 

s,^ 

au 

Z 

S 

0 

• a 

N 0 

if- 

6 a S 

3 E.® 

Z 

1-4 

46' 

257 

128 

129! 

99,2| 

’ 32 

194 

1131 

84 

139.5: 

78' 

451 

241 

210 

114.8 

5-7 

98! 

673' 

360 

313i 

1 115.01 

74 

488^ 

255| 

233 

109. 0| 

1 1^2! 

1161 

615 

546 

112.6 

1-7 ' 

144^ 

930 

488 

1 442 

1 110 . 4 ' 

j 1 

IIO 6 

682' 

1 

368' 

1 

1 314 

i 114.0 

1 250^ 

1612, 

856 

756 

113.2 

8-10 

los' 

779 

412 ! 

1 367' 

1 112.5' 

1 88 

1 65i! 

i 336 

, 315 

, 106.6 

196 

1430^ 

i 74S' 

682' 

109.7 

11-13 

126' 

1 953' 

540 

1 413 

i 130.7 

ills 

i 904 

. 491 

' 413 

' 118.8 

241 

, 1857 

1031 

826 

124.8 

14-16 

130 

, 999 ' 

558 

441 

, 126.5 

:105 

: 810 

441 

369 

i21.9 

235 

1809 

999 

1 810 

123.3 

17-19 

Il46 

11144 ' 

628 

, 516 

i 121.7 

119 

, 955 

, 516 

, 439 

, 117.5 

265 

, 2099 

1144 

1 955 

1 119.7 

20-22 

il62 

127o! 

698 

572 

; 122,0 

:129 

,1020 

534 

486 

, 109.8 

291 

, 2290 

1232 

il058 

, 116.4 

.23-25 

152 

,1129 

624 

505 

, 123 5 

,122 

i 890 

482 

, 408 

, 118.1 

274 

, 2019 

1106 

, 913 

121.1 

8-25 

,824 

1 

6274 

3460 

2814 

122.3 

±1.55 

678 

5230 

2800 

2430 

115,6 

±1.47 

1502 

11504 

6260 

5244 

119.3 

±1.36 


some eight points above the norm> it might appear that inbreed- 
ing had tended to increase the relative number of males. Such 
an interpretation of the results is not warranted^ however, since 
the sex ratio in the litters produced by the mating of unrelated 
parents was higher than that in the litters obtained by the 
mating of brother and sister, and since a similar increase in the 
sex ratio was not found in corresponding litters of the B series 
(table 7). 

As the females of the seventh generations that were used for 
breeding were all taken from litters that contained an excess of 
males, it is among their offspring that we may look for a possible 
alteration of the sex ratio as a result of selection. The sex ratio 
in the inbred litters of the eighth generation of the A series was 
118.26^:100$.' This sex ratio is very much lower than that 
found in the inbred litters of the seventh generation (1506’: 
100 9), but it is still 13 points above the norm (105 cT : 100 $). 
As examination of the records given in table 4 shows that in 
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only one generation {the tenth) after the eighth did the sex ratio for 
the inbred litters fall to nonUy in all other generations it was con- 
siderably above the norm, the highest ratio (145.3 cf : 100 9 ) being 
found in the litters of the eleventh generation. 

While the sex ratios for the inbred htters of the eighth to the 
twenty-fifth generations varied considerably, the variation was 
much less after the twelfth generation than before (table 4). A 
part of 4;his variation was doubtless phenotypic, since seasonal 
changes in temperature seem to alter the sex ratio in the rat 
(King and Stotsenburg, ’15), and probably also other agencies, 
such as the age of the mother (King, ’16 a), have a similar effect. 
As all of the sex ratios were relatively high, however, the devia- 
tions from the norm cannot be ascribed either to environment 
or to chance, so they must have been due, in part at least, to the 
manner in which the breeding animals weii selected. . 

A most striking uniformity in the sex ratios of the inbred 
litters belonging in the eighth to the twenty-fifth generations 
this series is shown by the grouping of the data as made in table 6. 
The lowest sex ratio (112.5d^ : 100 9 ) was found in the first group 
(eighth to tenth generations) ; the highest sex ratio (130.7 cf ; 100 9 ) 
appeared in the second group (eleventh to thirteenth generations). 
Between these extremes there was a difference of only 18 points, 
while in the four following groups of litters the range of variation 
in the sex ratios was less than 5 points. For the total of 824 
inbred litters the sex ratio was 122.3 ; 100 9 . This latter ratio 
was not due to an abnormal preponderance of males in a few 
sets of records, but was based on a series of data that in seventeen 
out of eighteen cases showed an excess of males greater than that 
considered as normal for the species. The results obtained, 
therefore, seem to indicate that by selecting breeding animals 
from litters that contain an excess of males, the sex ratio can be 
swung in the direction of the selection, although the line is contin- 
ually inbred, brother and sister. There was in this case, however, 
no cumulative effect of the selection. The sex ratios were more 
uniform in the later generations than in the earlier ones, but they 
were no higher. It is rather an odd coincidence that the sex 
ratios in the inbred litters of the eighth and of the twenty-fourth 
generations were exactly the same (118.2d': 100 9). 
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Data given in table 4 show that in the half-inbred litters pro- 
duced in the eighth to the twenty-fifth generations of the A series 
the range of variation in the sex ratios was from 99 to 140.8 
males for each 100 females, six of these ratios being slightly below 
the norm. When the data were combined in generation groups 
(table 6), it was found that not a single group gave a sex ratio as 
low as the norm. The sex ratios for the litters in the later genera- 
tion groups were somewhat more uniform than those ’for the 
litters in the earlier generation groups, but the uniformity was 
not as striking as that in the corresponding groups of inbred 
litters. For the total of 678 half-inbred litters the sex ratio was 
115.6 cf* : 100 9 . This ratio was some 11 points above the norm 
and less than 7 points lower than the sex ratio in the inbred litters 
belonging to the same group of generations (122.3c?': 100 9). 
While the litters produeed by the mating of inbred females with out- 
bred stock males thus tended to have a lower sex ratio than did the 
strictly inbred litters, they did not give the sex ratio that was to be 
expected according to the current view that chance alone deter- 
mines whether a male-producing or a female-producting spermato- 
zoon shall fertilize the egg. Such an hypothesis requires that the 
sexes shall appear in approximately equal numbers when large series 
of sex/ data are examined. In the present case the proportion of 
the sexes among the 5230 individuals obtained was very far from 
equal. In only one group (ninth generation) out of eighteen was 
there a nearly equal proportion of the sexes, in all other groups- 
there was a pronounced excess of males. 

The first twenty-five generations of the A series of inbreds com- 
prised 1752 litters containing 13,116 individuals, 7116 males and 
6000 females. The sex ratio for this series of animals Was 117.4 

: 100 9 . This ratio was over 12 points above the norm, and 
since it was based on data for such a large group of animals, it 
would seem to indicate that in the rat the sex ratio can be altered 
by selection within a closely inbred line. In this instance the 
relative number of males was apparently increased by selecting 
breeding females from litters that contained an excess of males. 

The sex data for the inbred and for the half-inbred litters of the 
B series, combined in generation groups, are shown in table 7. 
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TABLE 7 


Skowingy by generation groups, the sex ratios in the inbred and in the half-4nhred 
litiers of the B series (female line) 
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In the B series, as in the A series, there was a wide range of 
variation in the sex ratios of the litters produced in the first seven 
generations (table 5). When the data were combined in genera- 
tion groups (table 7), the sex ratio in the 136 inbred litters (109 
d ' : 100 9 ) was found to be above the norm, while that in the 
half-inbred litters (98.3 d‘. 100 9) was below the norm. These 
two ratios so nearly balance each other that for the total of 229 
litters the sex ratio was 104 . 2 cf : 100 9 , or less than 1 point be- 
low thelionn: in the corresponding litters of the A series the sex 
ratio was 8 points above the norm (113.2 cJ’ : 100 9 ). On com- 
bining the records for the first seven generations of the two in- 
bred series (A, B), it was found that the total of 479 litters gave a 
sex ratio of 108.6 cf* : 100 9 . While this ratio is over 3 points 
above the norm, it is not sufficiently high to warrant the con- 
clusion that the normal sex ratio was changed through inbreeding, 
particularly as the ratio was due in great part to an unusual ex- 
cess of males in the hali-inbred litters of the A series (table 4). 
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As far as can be judged from the results of this part of the inves> 
tigation, close inbreeding, even when the animals are poorly 
nourished, does not increase the proportion of male offspring to 
any extent. 

The breeding females in the seventh generation of the B series 
of inbred were all taken from litters that contained an excess of 
females; among their offspring the sex ratio was 94.3 cf : 100 9 . 
In not one of the suhseqiLent generations was the sex ratio in (he in- 
bred litters as high as the norm, the nearest approach to the norm 
was in the twelfth generation, where the sex ratio was 101,3 c? : 
100 9 (table 5). In these inbred litters, as in the corresponding 
ones of the A series, the sex ratios were more uniform in the later 
than in the earlier generations, but there was no cumulative 
effect of selection in either case. In the B series, after the thir- 
teenth generation, there was very little change in the relative 
proportion of the sexes from one generation to the next, and some 
of the variation found, as stated for the A series, can doubtless be 
ascribed to environmental action. 

When the data for the inbred litters of the eighth to the twenty- 
fifth generations of the B series were combined in generation 
groups (table 7), it was found that the sex ratios for the various 
groups showed even greater deviations from the norm than did those 
for corresponding litter groups in the A series, hut that this deviation 
was in the reverse direction, i.e., the number of females horn greatly 
exceeded the number of males/ The highest sex ratio for any 
group in the B series was 92.5 cf* : 100 9 : for the entire group of 
794 litters the sex ratio was 81.8 o’ : 100 9 , or 23 points below the 
norm. This latter ratio is far too low to be considered as a chance 
variation, and it certainly cannot be attributed to the action of 
environment. For both series of inbreds were reared simul- 
taneously under the same environmental conditions, and if one 
ventured to suggest that environment swung the sex ratio in the 
B series towards the female side it would be necessary to assume 
that the same environment acted on the animals of the A series 
in a reverse direction and so swung the sex ratio towards the 
male side. 
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As the sex ratio for the inbred litters of the B series was 23 
points below the norm, while that for corresponding litters of the 
A series was 18 points above the norm, it would appear that the 
sex ratio in the rat can be swung by selection farther towards 
the female side than towards the male side. Moenkhaus (’ll) 
obtained a similar result in his inbreeding experiments with 
Drosophila. 

The hajf-inbred litters in the eighth generation of the B series 
gave a sex ratio nearly 10 points higher than the norm, so here 
selection was not effective at once in changing the sex ratio. In 
none of the subsequent generations, however, was the sex ratio in these 
litters above the norm, most of them were considerably below it (table 
5 ) . When the data were combined in generation groups- (table 7) , 
it was found that the sex ratios for all groups except one (eighth 
to tenth generations) were very low. For the total of 633 litters 
the sex ratio was 91.1 & ; 100 9 , thus being 14 points below the 
norm and 9 points higher than the sex ratio for the inbred litters 
of this series. 

In each of the inbred series the sex ratios in the half-inbred litters 
belonging in the eighth to the twenty-fifth generations showed less 
deviation from the norm than did the sex ratios in the corre- 
sponding inbred litters, yet in each case the difference between the 
sex ratio for the inbred group of litters and that for the half- 
inbred group was less than the difference between the sex ratio 
for the half-inbred litters and the norm. The possible signifi- 
cance of these results will be discussed later. 

In order to obtain the sex ratios for the various generations of 
the inbred strain as a whole, the data for the two series (A, B) 
were combined as shown in table 8. 

The range of variation in the sex ratios of the litters in the first 
four generations of the inbred strain was greater than that among 
all of the other generation groups (table 8) . This result was to be 
expected, considering the relatively small number of individuals in 
these generations and the adverse conditions under which the 
animals lived. When the data were combined, however, the sex 
ratio obtained (110.3 d' : 100 9) was only 5 points above the 
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ShowiTig the sex data for each of the first twenty-five generations of the inbred strain 
{series A, B). also the sex ratios when the data were combined in 
generation groups 
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norm. The sex ratios in the litters of the fifth to the twenty- 
fifth generations varied from 95.7 to 119.5 males to each 100 
females. Variation, it will be noted, was around the norm, eight 
of the twenty-one ratios being at or above the norm, the rest 
below it. When combined in generation groups the sex data gave 
a very uniform series of ratios, as the last column of table 8 shows 
—not one of these ratios varied more than 6 points from the norm. 
A varih,tion as great as this would doubtless be found in the sex 
ratios of any other large series of albino rats, regardless of the 
manner in which the animals were bred. For the 3256 individ- 
uals comprised in the first seven generations of the inbred strain 
the sex ratio was 108.6 6 ^ : 100 9 . This ratio is sufficiently 
close to the norm, I think, to indicate that, in the rat, inbreed- 
ing per se does not produce a marked increase in the number of 
male offspring. The sex ratio in the 22, 196 individuals in the re- 
maining eighteen generations was 101 cf' : 100 9 : for the entire 
series of 25,452 animals in the inbred strain the sex ratio was 
102.7 (f : 100 9 . Wffiile these last two ratios are slightly below 
the norm, it is evident that in the inbred strain as a whole the 
sex ratio was not greatly influenced either by inbreeding or by 
selection. The very different sex ratios obtained in the two series 
of the inbred strain seem to show, however, that through selection 
the one inbred strain was separated into two distinct lineS) one 
line (A) having a tendency to produce an excess of males, the 
other line (B) tending to produce a preponderance of females. 

Unfortunately, one cannot predict with certainty what the sex 
ratio will be in the litters cast by any given inbred female, neither 
does the sex ratio in the litters cast by one female give a clear 
indication regarding the proportion of the sexes that will be 
found among the offspring of a sister rat. It is only by taking the 
averages for a large number of litters in a given series that the 
change in the sex ratio is made manifest. As an illustration of 
the individual differences in females regarding their tendencies to 
cast young of a certain sex, four sets of data for litters cast by 
sister females are shown in table 9. In each case given, sister rats 
were first paired with the same litter brother and later with the 
same stock male. 
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TABLE & 


Showing the difference between inbred sister s regarding their tendency to ‘produce 
an excess of male or of female young ‘when mated with the same male 
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The first set of records given in table 9 shows the very great 
difference in the sex tendencies of two sister rats belonging in the 
B series. Female IIB73 had cast three litters when she de- 
veloped pneumonia and had to be killed. Each of these litters 
contained such a large excess of females that among her thirty-two 
offspring the sex ratio was only 45.4 cf’ : 100 9 : Female IIB74, 
on the other hand, showed a very strong tendency to produce 
male yoimg, whether she was paired with a brother or with a 
stock male; among her forty-one offspring the sex ratio was 
162.5 : 100 9 . As yet no other sister rats have shown such 

a pronounced difference in their sex tendencies. 

A very great similarity in the sex tendencies of sister rats is 
shown by the second set of records in table 9. Each litter cast by 
17 Bi 4 and by ITBis contained an excess of female young, whether 
the sire of the litter was an inbred or a stock male. In each 
group of litters the sex ratio was about 65 : 100 9 . 

Female I2A134 produced an excess of male young in each of the 
two litters sired by her brother, but the two litters sired by a 
stock male showed a very great excess of female young. Con- 
versely, while fem.alo I2A135 cast more female than male young 
when paired with a brother, she showed a strong tendency to pro- 
duce an excess of male young when mated with a stock male. 

The last set of records in table 9 shows a case where the total 
number of offspring produced by each of two sister rats contained 
a nearly equal proportion of the sexes, but this proportion was 
attained in very different ways. Female 13A^ show^ed a most 
pronounced tendency to produce an equal number of male and 
female young in each of her four litters. In the litters of female 
I3A40 the sexes were very unequally distributed; one litter of 
nine young consisted entirely of females — a most unusual phe- 
nomenon in a litter of such size. 

Numerous other cases, similar to the ones given, could be fur- 
nished from the records for these inbred rats. The cases cited 
are sufficient, I think, to show the individual differences in the 
females regarding their tendencies to cast male or female off- 
spring. Incidentally, these records show, also, that the female 
plays a more important r61e in determining the sex ratio than is 
generally believed. 
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An examination of the sex data for successive litters cast by 
many himdreds of female rats does not indicate that there is ‘^a 
change of sex tendency from litter to litter” in the female, as 
Papanicolau (’15) states is the case in guinea-pigs. Such a 
tendency is not shown in any of the cases given in table 8, and 
while the sex-proportions in the litters do change in many cases, 
the change is not general or striking enough to warrant the con- 
clusion that there is a definite sex-determining factor involved. 

4. THE SEX RATIOS IN THE LITTERS OBTAINED BY THE MATING OF 
STOCK FEMALES WITH INBRED MALES 

As a check for the results obtained by the mating of inbred 
females with stock males, series of stock females were bred to 
males from various generations of the inbred strain. The num- 
ber of such experiments was small, considering the scale on which 
the main series of experiments was conducted, but the results 
obtained were uniform enough to be significant. 

The stock females used in these experiments were reared under 
the same environmental conditions as the inbred rats. When 
they were about three months old they were paired with males 
from the A or from the B series that had sired inbred litters. In 
order to make this series of records more strictly comparable to 
that obtained in the inbred strain, only four litters from any 
one female were recorded. 

The data for the litters obtained by the mating of stock females 
with inbred males are given in table 10. 

Stock females paired with males from the fifth generation of the 
inbred strain produced litters in which the sex ratio was below 
the norm, whether the sire of the litter belonged to the A or to the 
B series of inbreds. The litters sired by males from A series, 
however, had a much higher sex ratio than did those sired 
by males from the B series, although at the fifth generation 
there was no selection of breeding animals in the inbred strain 
according to a definite plan. The eighteen litters in this series 
gave a sex ratio of 94.7 c? : 100 9 , or 10 points below the norm. 
This ratio might seem to indicate that inbred males tended to 
produce an excess of female offspring, but the number of litters 
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TABLE 10 

Showing the sex ratios in litters produced by the mating of outhred stock females with 
inbred males 
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examined was too small to warrant any general conclusion from 
the results obtained. 

The second section of table 10 shows the sex ratios in the vari- 
ous groups of litters obtained from the matings of stock females 
with males from the ninth to the eighteenth generations of the A 
series of inbreds. There was considerable variation in these sex 
ratios, as was to be expected considering the number of animals 
involved. The total of 107 litters in this group gave a sex ratio 
of 102.3 d' : 100 $ . This ratio, it will be noted, was below the 
norm, although the sires of the litters were males that, paired 
with their sister, had fathered litters in which there was, as a rule, 
a preponderance of male young. 
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The sex ratios in the various groups of litters obtained by the 
mating of stock females with males from the tenth to the eigh- 
teenth generations of the B series of inbreds showed a much nar- 
rower range of variation than that found in the litters sired by 
males of the A series of inbreds, although the number of litters 
produced in the two series was about the same. The 117 litters 
in this group gave a sex ratio of 96.2 cT : 100 9 , which was 9 
points below the norm. Any significance that this ratib might 
seem to have, when taken alone, is apparently annulled by the 
fact that the sex ratios for the other litters groups were also below 
the norm, whether the sires of the litters came from the A or from 
the B series of inbreds. Moreover, the probable error of the mean, 
calculated from the averages for the various sets of litters, was so 
large in every case that the differences between the sex ratios of 
the various groups were rendered valueless. 

The 242 litters in this series gave a sex ratio of 99.1 & : 100 9 . 
While this ratio was some 6 points below the norm, it differed by 
only 4,4 points from the sex ratio found in the 1510 litters ob- 
tained by the mating of inbred females with stock males (103.5 cT 
: 100 9 ). The results as a whole, therefore, do not indicate that 
the sex ratio was influenced to any extent by the fact that the 
sires of the litters were inbred rather than outbred males. 

The final experiment to be made, the pairing of females from 
the one inbred series with males from the other inbred series, was 
not begun until the animals reached the twenty-sixth generation. 
The number of litters as yet obtained is too small to afford a basis 
for any general conclusion, but thus far females of the A series 
(male lino) when paired with males from the B series (female line) 
have produced more male than female young, and, conversely, 
females of the B series, when paired with males of the A series, 
have shown a tendency to cast more female than male young. 

The results of these various series of experiments are summar- 
ized and discussed in the following section. 
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' 5. DISCUSSION 

As a basis for discussion the results obtained in this investi-. 
gation are briefly summarized as follows: 

1. The inbreeding of litter brother and sister for six consecu- 
tive generations, during which there was no selection of animals 
for breeding, did not increase the number of male offspring to any 
extent. , The sex ratio in the 3256 young obtained was 108.6 cf : 
100 9 , or less than 4 points above the sex ratio taken as the 
norm (105 d' : 100 9). 

2. Beginning with the seventh generation all breeding females 
in the A series were taken from litters that contained an excess 
of males. After this time the females in this series tended to 
produce an excess of male young, whether they were paired with a 
litter brother or with an unrelated stock male (table 6). The 
litters sired by inbred males gave a sex ratio of 122.3 d : 100 9 , 
or over 17 points above the norm; while the litters sired by stock 
males showed a sex ratio of 115.6 d : 100 9 , or nearly 11 points 
above the norm. 

3. From the time that the breeding females in the B series 
were selected from litters containing an excess of females (seventh 
generation), the litters produced showed a reverse proportion of 
the sexes to that shown by corresponding litters in the A series 
(table 7) , Litters sired by inbred males had a very low sex ratio 
(81.8 d : 100 9 ) ; in the litters sired by stock males the sex ratio 
was 9 points higher than that in the inbred litters (91.1 d : 100 
9 ), but it was still significantly lower than the norm. 

4. On combining the data for the two inbred series it was found 
that among the 25,452 individuals comprised in the inbred strain 
the sex ratio was 102.7 d : 100 9 , or less than 3 points below the 
norm (105.0 cf : 100 9 )• It thus appears that through selection 
the inbred strain was separated into two distinct lines: one (A) 
showing a high sex ratio, the other (B) a low sex ratio. Selection 
had the greater influence on the female line, since the sex ratio 
for the litters of the B series showed greater deviation from the 
norm than did tRat for the litters of the A series. 

5. Stock females mated with inbred males tended to produce 
litters in which the sex ratio was below the norm, regardless of 
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whether the male belonged to the A or to the B series of in- 
hreds. The litters sired by males from the A series showed a 
higher sex ratio (102.3 & : 100 9 ), however, than did the litters 
sired by males from the B series (96.2 & : 100 9 ), but these ratios 
are not significant, since they differ from each other and from the 
norm by less than three times the probable error (table 10). 

Dusing’s contention that close inbreeding increases the relative 
number of male offspring was based mainly on statistics o*f human 
births collected from several isolated communities in which there 
were many consanguineous marriages, and on the supposedly great 
preponderance of male births among the Jews, who arc a clannish 
race and intermarry more frequently than do other civilized 
races. The latter evidence is undoubtedly invalid, as Pearl and 
Salaman (T3) have shown that the normal sex ratio among the 
Jews is the same as that in other races of man (105 ; 100 9 ), 

and that the anomalous sex ratio among them is due to faulty 
registration, male births being recorded where those of females are 
not. The high sex ratio in the other cases cited by Dlising can 
doubtless be attributed to a similar cause. The great excess of 
males found in various strains of thoroughbred dogs Heape (’08) 
ascribed in part to inbreeding, but in these cases also it is prob- 
able that the statistics are not reliable, since female pups are 
commonly discarded from large litters and males are registered 
more often, as a rule, than females. 

The inbreeding experiments of Huth (’87) on the rabbit, of 
Schultze (’03) and of Copeman and Parsons (’04) on mice were 
made with relatively small numbers of animals, and the sex ratios 
obtained showed no greater deviations from the norm than might 
have been expected under the conditions of the experiments. 
Shull (’13) found no change in the sex ratio of Hydatina senta as a 
result of repeated inbreeding, the proportion of male-producers 
and of female-producers remaining practically constant. In the 
present series of inbreeding experiments with the albino rat, all of 
the animals belonging to the earlier generations suffered severely 
from malnutrition, which Dlising (’84) considered as a very potent 
factor in increasing the number of male offspring, yet among the 
individuals in the first seven generations the sex ratio was only 
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slightly higher than the norm. The results of these various series 
of experiments would seem to indicate that inbreeding per se has 
little, if any, effect on the sex ratio. 

Moenkhaus' (’ll) extensive series of inbreeding experiments on 
Drosophila so closely parallel my own experiments on the rat, 
both in the manner in which the experiments were conducted and 
in the results obtained, that a brief r^sum^ of his work must be 
given here. 

In order to obtain the normal sex ratio in Drosophila, Moenk- 
haus ascertained the sex of 26,933 imagos that developed from 
eggs laid by wild flies, and found among them a sex ratio of 88.8 
cf : 100 9 . In this species, therefore, there is normally an excess 
of females, as other investigators (Rawls, ’13; Hyde, T4; Warren, 
’18) have noted. The experiments were conducted in the fol- 
lowing way: ^Two pairs were selected from nature, the one 
showing a high, the other a low female ratio. These were se- 
lected as the parents of the two strains to be developed. From 
among the offspring of each of these two pairs a number of single 
matings were made. From among these the pair that showed the 
most favorable ratio in the desired direction was selected to con- 
tinue the strain. The same process was repeated as often as 
desired.” 

In this way Moenkhaus developed two inbred strains in one of 
which the individuals showed a high sex ratio, in the other a low 
sex ratio. The results of this part of the investigation showed that 
“it is possible to develop a strain with a high female ratio much 
more easily and pronouncedly than a male strain,” Moenkhaus 
then made reciprocal crosses between the two strains in order to 
determine, “first, whether the maternal or the paternal elements 
had an equal share in the control of this ratio, and second, 
whether this ratio was determined in the process of fertilization.” 
The experiments showed, in a most decided way, that “the male 
has little or no influence in determining the sex ratio in this species. 
In most of the cases the ratio of the offspring falls pretty closely 
around that of the strain from which the females were taken. 
. . . It is not certain, however, that the sex ratio is estabhshed 
before fertilization, since the experiments do not with certainty 
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entirely exclude the male influence/^ In his summary Moenkhaus 
states: ^The sex ratio is one of the qualities that is, like color, an 
inherent character of this creature, strongly transmissible and 
amenable to the process of selection, . , . Sex is probably 
very little, if at all, influenced at fertilization in this species, but 
it is probably determined much earlier and by the female.”^ 
Moenkhaus’ conclusions regarding the character of the sex 
ratio and its amenability to selection are as applicable to the rat 
as they are to Drosophila, judging from the results of my in- 
breeding experiments on the former species. Neither of these 
investigations, however, give any information regarding the 
causes that condition sex, although each seems to indicate that 
the female takes quite as important a part in this process as does 
the male. 

In the inbred strain, after the animals for breeding were selected 
in each generation according to a definite plan, the two series 
(A and B) became two separate lines as regards the sex-propor- 
tions among tl^ie young. In the one line (A) the litters contained, 
as a rule, an excess of males; in the other line (B) there was a cor- 
responding excess of females. Between these two lines there was 
no very marked difference as regards the size of the individuals 
at a given age, their fertility or longevity, as the data given in 
previous papers have shown (King, ’18, ’18 a). Generation after 
generation, as far as the experiments have been carried, the sex 
ratios in the inbred lines have remained distinct, and the varia- 
tions from the norm have been in the same direction in each 
generation of each series. These results are definite enough, and 
they are based on data from a sufficiently large number of animals. 
I think, to warrant the conclusion that in the rat the sex ratio is 
to a certain extent at least, a character that is amenable to 
selection. 

^ Warren (’18) has recently repeated Moenkhaus’ selection experiments on 
Drosophila, and concludes that the sex ratio in this form is ‘‘not readily, if at all, 
modifiable by selection.” Warren believes that the modified sex ratios found in 
two of his three series of experiments were due to ‘chance variation,’ and he 
attributes the anomalous sex ratios obtained by Moenkhaus to the action of a 
sex-linked lethal factor— the explanation offered by Morgan {’14 a) to account for 
the unusually low sex ratios found in several strains of Drosophila. 
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As the rats had been inbred brother and sister only, they were, 
according to Fish’s (’14) calculations, 79.687 per cent homozy- 
gous at the time that the selection of breeding animals began 
(seventh generation). Selection, if effective at all in changing 
the sex ratio, should act in one or two generations, unless a con- 
siderable number of factors were involved. In the latter case 
selection might produce a gradual change in the sex ratio which 
would reach its culmination only after a number of generations. 
In each series, as table 4 and table 5 show, the sex ratio in the 
inbred litters of the eighth generation was close to the sex ratio 
that was the average for all of the litters produced in the eighth 
to the twenty-fifth generations, and the sex ratios in the later 
generations showed no greater deviation from the norm than did 
those in the earlier generations, although they were somewhat 
more uniform. Selection thus produced its maximum effect at 
once, and could not shift the centre of gravity of the variation in 
the direction of the selection, as it did in the experiments which 
Castle and Phillips (’14) made with piebald rats. It would 
appear from these results that very few heritable factors concerned 
in the production of the sex ratio, possibly not more than a single 
pair, were acted upon by selection, and that, as Pearl (’17) has 
stated: “selection acts only as a mechanical sorter of existing 
diversities in the genii plasm and not as a cause of alteration in 
it.” 

As sister rats show such marked individual difference regarding 
their sex tendencies, and as both nutritive (Slonaker and Card, 
’18) and enviroimieiital conditions (King and Stotsenberg, ’15) 
seem to influence the sex ratio in the rat, it would seem that the 
sex ratio may be modified by so many agencies that it would be 
useless to attempt to determine the number or the nature of the 
particular factors that were acted upon by selection in the present 
case. The factors involved are evidently not of very great po- 
tency, and their action is clearly shown only when a relatively 
large number of animals are closely inbred under environmental 
and nutritive conditions that are as unifonn as it is possible to 
make them. Whatever their nature, or in whatever manner they 
may be inherited, I believe that these factors act on the metabo- 
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lism of the ova in such away as to render the ova more easily fer- 
tilized by one kind of spermatozoa than by the other. In the A 
series of inbreds, under the conditions given, the ova tended to 
attract spennatozoa that were ^male-producing;’ in the B series, 
the ova tended to attract spermatozoa that were ‘female-pro- 
ducing.’ 

In advocating the possibility that fertilization may be selective 
I am aware that I run counter to the general belief that*any egg 
is capable of fertilization by any spermatozoon that happens to 
come in contact with it, and that those whose views have much 
weight in molding biological opinion believe that this hypothesis 
is “so improbable as almost to invalidate any interpretation 
into which it enters” (Wilson, ’10). Just why this hypothesis 
is considered so untenable is not clear. It is true that it has 
not been definitely proved in any case, but neither has it been 
disproved, nor has any convincing proof been offered, as yet, 
for the very elaborate hypotheses that have been advanced to 
account for heredity in general and in specific cases. The burden 
of proof rests equally upon those who object to this hypothesis as 
on those who maintain it. 

We owe to McClung (’02) the suggestion that the accessory 
chromosome may be a sex-determinant. In discussing the pos- 
sible action of the accessory chromosome in determining sex, 
McClung (’02 a) states: ‘even up to the time of fertilization the 
female elements are so placed as to react readily to stimuli from 
the mother. Here they are approached by the wandering male 
olem.ents from which they may choose — if we may use such a term 
fur what is probably chemical attraction— either the spermatozoa 
containing the accessory chromosome or those from which it is 
absent. In the female element, therefore, as in the female or- 
ganism, resides the power to select that which is for the best 
interest of the species.” 

In advocating selective fertilization as the probable cause of 
anomalous sex ratios, Heape (’09) says: “it must be remembered 
that there are an enonnous number of spermatozoa available for 
the fertilization of each ovum, and, moreover, it will be recol- 
lected there are undoubtedly chemotactic properties associated 
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with ova which insure that ova of different species floating in the 
sea shall each be fertilized by spermatozoa of the same species, so 
that to grant there is still more delicate chemotaxis at work is not 
an illegitimate but is indeed a reasonable supposition.’ ' Castle 
(’03) also postulated selective fertilization in the elaboration of 
his Mendelian theory of sex-determination. 

The one attempt that has been made to test the hypothesis of 
selective fertilization (Morgan, Payne and Browne, ’10) seemed to 
indicate that the egg is fertilized by the first spermatozoon that 
strikes it ^head-on/ but the conditions under which the obser- 
vations were made were so abnormal that no definite conclusions 
from them were possible, and even Morgan (’ll) states that the 
evidence is Admittedly insufficient.’ 

An earlier experiment that has a bearing in this connection seems 
to have been overlooked and therefore needs to be noted here. 
Marshall (’10) injected into the vagina of a pure-bredDandieDin- 
mont bitch a mixture of seminal fluid taken from a pure-bred dog 
of the same species and from a mongrel terrier of unknown an- 
cestry. Fifty-nine days later the bitch littered, producing four 
pups which were much alike. One of the pups died early, but 
as the other three developed into mongrels which resembled the 
terrier sire there was little doubt but that all four puppies were 
mongrels. Marshall cites another ease in which a Dandie Din- 
mont bitch copulated with a dog of the same breed and two days 
later with a Scotch terrier. The bitch littered three pups; one 
was pure Dandie Dinmont, the other two half-bred Scotch terriers. 
These cases, according to Marshall, were indicative of a ^selec- 
tive’ on the part of the ova of the pure-bred bitch to “conjugate 
with dissimilar rather than with related spermatozoa.” 

I have recently been making a series of experiments somewhat 
on the order of those cited by Marshall, and the results obtained 
indicate a very strong tendency on the part of the ova of the al- 
bino rat to conjugate with spermatozoa from the wild gray rat 
rather than with the spermatozoa of the albino rat, although under 
the conditions of the experiment, details of which will be pub- 
lished later, the advantage in every case was with the spermato- 
zoa from the albino male. If fertilization can be selective in such 
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oases 1 can see no ^'alid objection to the assumption that the 
chemotaotic reaction between o\’a and st)cnnatozoa may be even 
more delicate and thus, under gi^Tll conditions, make possible 
the fertilization of an egg by a spermatozoon tliat has one sex 
potency rather than the other. 

There is another possible interpretation of the anoitinlous sex 
ratios found in the inbred litters of the two series. Wo might 
assume that inbreeding had acted on the males in some wAy sons 
to render one kind of spermatozoon more ])otent than the other in 
fertilizing the ova, and that this difference in potency came to 
have an heritable basis in the germ plasm and so could be acted 
upon by selection. In the A series of inbrais, according to this 
assumption, the hnale-producing’ spermatozoa became the more 
]iotent; in the B series the ‘female-])rodiicing’ spermatozoa came 
to ha^^e the greater potency. Woro this assumption correct it 
should receive coiitinnation both from the results of the ex] 3 eri- 
ments in which inbred females were paired with stock males ami 
from the experiimmts in which stock feniah's were paired wdth 
males from different generations of the two inbred series. The 
litters obtained in the former case should show' a nearly eciiial 
proportion of the sexes (provided it w'as merely a matter of chance 
w'hich kind of spermatozoa fertilized the o\'a), since the males 
were out bred and therefore, theoretically, the tw’o kinds of sper- 
matozoa had equal power to fertilize the ova. In the latter case 
the litters obtained should show' a high sex ratio when the sire;, 
came from the \ series of inbreds and a low sox ratio when the 
sire belonged to the B series. 

As shown in table 4 and in table 5, the half-inbred litters pro- 
duced by the mating of inbred females with stock males gave sex 
ratios that were very far from equality. In only one generation 
of each series w'as there an approximately equal proportion of the 
sexes, in all other cases the variation w'as in a definite direction: 
in the A series there w'as an excess ol males; in the B series the 
females predominated. In both series, moreover, the sex ratios 
in the half-inbred litters were much closer to those in the cor- 
responding inbred litters than they were to the norm. The uni- 
formity in the ^'arious series of records and the small size of the 
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probable error of the mean exeliulc the possibility that the sex 
ratios could have been produced by chance or by environmental 
action. The results, therefore, do not support the contention 
that the male is the vhM factor in determining the sex ratio in 
the rat. 

The sex ratio in each of the tliree groups of litters obtained by 
the mating of stock females with males from various generations 
of the ‘two inbred series was below tlu' norm, whether the sire of 
of the litters belonged in the A or the B series. The sex ratio 
in the group of lit ters sired by males from the A series (102,3 cT : 
100 9 ) was onh^ 0 points InglKU’ than that in the litters sired 
by males from the B series (9().2 cf 1 100 9 ). The results in this 
case, tlierefore, do not indicate that inbreeding, with selection, 
influenced the potency of the spermatozoa in any way: they seem 
rather to signify that the particular stock females used for breed- 
ing tended to attract spermatozoa that were dcmale-producing’ 
rather than those that were bnale-producing.' 

The results of the ^^arious experiments in which inbred and out- 
bred animals were paired, taken in connection with those from 
the experiments in which matings were made between litter 
brother a,iid sister, seem to show that in the rat, as in Drosophila 
bMoenkhaus), the female has a greater influeiu^e than the male in 
determining the sex ratio, and that chance alone cannot be the 
factoi’ that determines whether an egg shall be fei’tilized by a 
*male-]n-odiicing^ or by a ‘female-producing’ spermatozoon. 

The size of the probable error of the mean (tables 6 and 7) in- 
dicates that in each series the difference between the sex ratio for 
the group of inbred litters and that for the group of half-inbred 
litters is a significant one. Apparently, therefore, the chenio- 
tactic reaction between the ovum and the spermatozoon is not 
quite the same where these sexual elements come from unrelated 
individuals as when they are produced by individuals that are 
closely inbred. A somewhat analogous case is found in the her- 
maphroditic ascidian, Ciona, where noniially, as Castle (’96) and 
Morgan (’04, ’05) have shown, the eggs are not fertilized by sper- 
matozoa from the same individual, although they are readily fer- 
tilized by spermatozoa from any other individual, while the 
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speniiatozoa from the first aniimil arc funetional when Hsed with 
ova of another animal. Morgan (’14) has suggested that the 
infertility of the eggs of Ciona to spermatozoa from the same in- 
di^'idual may be due to the similarity in the hereditar>' com])lex 
of the germ cells which in some way decreases the (*hances of 
their uniting. The select i\'C fertilization experiments made by 
(Marshall (’10) witli different tairieties of dogs and also my own 
experiments with different varieties of rats show that the ova of 
these animals ha^-e a strong tend(m(y to uniU^ with spermatozoa 
from individuals belonging to unrelated stock rather than with 
speniiatozoa from individuals ol th(^ same ‘blood,’ hen my own 
experiments are completed the results will show, 1 hope, wludhm’ 
there is a still nion' delicate (‘hematactic reaction Ix^wi'cn the 
oA^a and the spermatozoa which will lead to the pro(lu(‘tion ol 
more males than females among the hybrid offspring. 44ie ano- 
malous sex ratios that ajipear in F, h>'brids almost invariably 
show' an excess of males. Tliis suggests that the gix'ater the dil- 
fercnce bet ween individuals as regards theis blood relationship the 
stronger is the attraction betw'een the ova and the mah'-pro- 
ducing spermatozoa. If this suggestion jirovestnuN itscoin'orse 
ought also be to true, and in a closely inlired line we would expect 
that the chemotaetic reaction between the o\ a and the s])(Tma- 
tozoa wmuld be such that an excess of females w'ould be produced. 
Sucii a possibility is not incomtiatible with the results ol tlie pres- 
ent investigation, since in the inbred strain, as a w'hole, tln^ sox 
ratio w'as below the norm, while the sex ratios in the litters of the 
female line (B) showed a greatia’ dcAuation from the norm than 
did the sex ratios in the littei’s of the male line (A). 

The results of this series of experiments, as a whole, scxmi to 
indicate that in the rat, as in the pigeon (Biddle, ’ll, T(), ’17), 
in Drosophila (Moenkhaus, Tl) and in the guinea-pig (Papani- 
eolau, To), the female has more influence in determining the sex 
ratio than has the male. Yet it is not in the differentiation of the 
ova, nor in the devolopnicnt of the sperniatozoa, that the key to 
the riddle of sex-detoriiiinatiou will be found. A knowledge of 
the interaction of the germ cells, and of the conditions that in- 
fluence it, must be gained before the final solution of this jirnblem 
can be attained. 
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DEMONSTRATION OF EPITHELIAL MOVEMENT BY 
THE USE OF VITAL STAININO, WITH OBSER- 
VATIONS ON PHAGOCYTOSIS IN THE 
CORNEAL EPITHELIUM 

SHINICHI MATSUMOTO 
Osborn Zoological Laboratory, Yale University 

FOUR FIGURES 

Though the cornea of the adult frog is thin and transparent 
enough for the observance of epithelial movement, it is not an 
easy matter to note in detail every part of the process. For 
this reason certain vital stains were used in the present 
experiments. ' 

In the amphibians, vital staining can be produced either by 
introducing the dyes into water in which the animals swim, or 
by injection, though the latter procedure is not practicable in 
the case of corneal epithelium, owing to its lack of blood-vessels 
The stained tissue may then be explan ted. Another method is 
to add the dyestuffs to the culture medium containing the un- 
stained tissue. 

Several papers have appeared dealing with the different phases 
of this subject (Lewis and Lewis, T5; Russel, T4). 

For the purpose of the present work it is necessary that the 
dyes should not have any deleterious effect upon the epithelial 
cells in order that they may remain capable of maintaining their 
normal activity. The staining must be produced easily and 
last for a considerable time. 

That the epithelium of amphibians (especially larvae) is 
tingeable by various dyestuffs without affecting the organism or 
tissue elements to any marked degree has been shown by various 
observers (Fischel, Tl). Whether vital staining may be 
employed in order to demonstrate moving epithelium in the cul- 
ture is, however, another question. 
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A. MKT1U)DS OF VITAL STAINING 

/. Methods of skiining by inmiersiny the whole animat in water 
contammg dyes 

a. Neutral red. Neutral red, which was first used by Ehrhch 
for vital staining, was considered as probably being the most 
suitable for the present purpose, and this proved to be the case. 

In the inajority of the experiments “neutral red for vital 
staining (Ehrlich)” was used, and the frogs were subjected to 
various concentrations of the dye for various lengths of time. 

The experiments may be divided into two groups. In the 
first the animals were subjected to a relatively concentrated 
(1:20,000) neutral red solution for a short time (one to five 
hours), and in the second they were kept in a more dilute solu- 
tion (1: 100,000 to 1,000,000) for a much longer perio.l (one-half 
to four days). The frog was then carefully washed in running 
water, the tissue removed and prepared in a manner similar to 
that used in previous experiments (Matsumoto, T8). Both 
modes of staining are adapted to the study of the movement 
of epithelium. 

Though the frog could be stained an intense red without doing 
it ary apparent harai, still the dye proved to be more less 
harmful to the cells. In fact, an ear her degeneration of the 
explanted tissue due to the injuiy of cells in such preparations 
was frequently seen. As it was desirable to stain the tissue in 
such a manner that the granules would be just evident enough 
f(/r observation, weak solutions (such as 1 : 100,000 to 1 : 200,000; 
ten to twenty-four hours) wwe pi*eferable. The use of the more 
rapid staining, at times, brought on the disadvantage of having 
the granules appear unevenly distributed. 

'Phe arrangement of the neutral rod granules shows a more or 
less marked difference in the several cell layers of the corneal 
epithelium. Observing from the upper (outer) surface of the 
Cfjrneal tissue in the culture, we see the following: 

1. The outermost layer (fig. 1 , d) consists of flat polygonal 
cells with large nucleus and unstained fine refractive granules in 
the cytoplasm. These cells, which may be present all over the 
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original epithelial surface or may be absent here and there, do not 
usually exhibit neutral red granules and show no activity. 

2. The next layer (fig. 1, c), which is the uppermost layer in 
some preparations, consists of cells which contain in the (cyto- 
plasm the most minute red granules, almost uniform in size. 
These appear in abundance after prolonged intense staining. 
The contour of the individual cells is hardly visible at fimt. 
In some instances, especially when the rapid method of staining 
was employed, larger granules appeared in the cells so abun- 
dantly that they almost filled the cell body, leaving only a clear 
round or oval space in the center, occupied by the nucleus. 

3. The basal cells (fig. 1, a), which are evidently smaller than 
those of the upper layers, exhibit, as a rule, distinct and much 
larger granules, not very uniform in size, and often more numer- 
ous on one side of the nucleus than on the other. 

4. Between the two latter layers freiiuently another layer of 
cells (fig. 1, 6) is visible. Tliese are intermediate in size between 
the cells of the basal layer and those of the layer above, andas 
regards the arrangement of the colored granules show a resicm- 
blance to the cells of the second layer. 

Furthermore, between the second and third layers ther<j were 
found a number of deeply red vStained bodies, round or irregular 
in shape, some of which showed a more deeply stained rod spot 
(one of these is shown in fig. 1, a, and another in fig. 2, a), ihc 
origin of these bodies is unknown. 

When the culture is observed several hours or more after the 
preparation, the cells of the upper and basal layers are easily 
distinguishable according to the distribution of granules in their 
cytoplasm, and this becomes more marked as the tissue becomes 
more translucent. The individual granules were sometinu^s 
observed to coalesce gradually, changing in shape. 

When the tissue is intensely stained, the cells of the connective 
tissue and of the posterior endothelium also show distinct gran- 
ules which are usually not so abundant and arc more or less dis- 
tinguishable from those of the epithelium. The nucleus re- 
mains unstained throughout. 
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Cultivated in vitro, the corneal epithelium, ^when stained with 
neutral red, showed a condition entirely similar to that seen in 
unstained preparations. The cells exhibited practically the same 
degree of activity, though at times they degenerated a little 
earlier than in the control preparation. 

By this method, the cell movement along the tissue, which took 
place, as a rule in the fluid or semifluid culture medium, could 
be easily detected. That the spreading epithelium was, as a rule, 
two and sometimes three layers thick, was clearly demonstrated 
(fig. 2, a), while in an unstained preparation it was rather hard 
to determine whether they were one or two colls in thickness. 

As the epithelium spread out and the individual cells became 
very flat and thin, a change in the arrangement of the granules 
took place. Then the granules of the basal colls, which were 
rather irregularly distributed at first, frequently assumed a cres- 
cent-shaped arrangement (fig. 2, a). If the staining was light, 
the tiniest red granules in the cells of the surface layer became 
faint relatively ea^^her. As a rule, the hyalin processes of the 
cells on the border did not exhibit any red granules. In general, 
after all activity of cells ceased, the red granules faded out and 
fatty granules increased, whereas the nucleus remained unstained. 
The same was true of the isolated epithelial cell. 

So far as our observations go, there was in general a direct 
relation between the cell activity and presence of neutral red 
granules, although of course the intensity or richness of the gran- 
iiles^was not always parallel with the cell activity. 

b.^ Some other dyes. In the corneal epithelium subjected to 
‘Nile blue sulphate,’ the granules were beautifully stained. This 
dye was found, however, to be injurious to the cells, and even- 
the solution 1 : 200,000 in most instances caused more or less 
injury to the epithelium, though not enough to interfere immedi- 
ately with the cell activity, since in many cases the cells contin- 
ued to move. Disintegration of cells took place earlier, and a 
preparation which showed infense granulation never lived so long 
as the control culture (unstained or stained with neutral red). 
In addition to this, in the preparation subjected to the dye, fine 
violet crystals appeared in the cells or in the medium. Nile blue, 
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therefore, does not seem to be a very favorable dye for the cor- 
neal epithelium. 

Neither is ‘methylene blue (rectif.)’ suitable for the purpose, 
as it fades too easily. 

So far as our observations go, ‘gentian violet' did not give a 
satisfactory result. Even the weakest solution, which stained 
the cells, caused their death. 

‘Brilliant cresyl blue 2 b' and ‘methyl green’ did not stain the 
granules clearly, nor did ‘indigo carmin,’ ‘toluidine blue,’ or 
‘litmus’ give positive results. 

^iainmq 0/ the cornea by administration of dyes in the 
conjunctival sac 

Arnold (’00) demonstrated neutral red and methylene blue 
granules in the frog cornea by conjunctival administration of the 
dyes in the form of fine powder. In this way typical granules 
appeared in the cells, often causing injury. No experiments of 
this kind are recorded in the present paper. 

3. Staining of excised cornea 

In some experiments the cornea was first excised from the 
animal and then stained. The tissue, after removal, was im- 
mersed in physiological saline solution containing neutral red, 
freshly prepared, so that the epithelium became intensely red, 
and could later be cultivated after thorough washing. The tech- 
nique is simple and is useful in some particular instances. Usu- 
ally, however, crystals appeared in the culture, when this method 
was employed. 

4 . Staining by addition of dyes to the culture 7nedium 

Both neutral red and Nile blue, freshly dissolved in salt solu- 
tion, were experimented with. They are easily soluble in pure 
water, but not so easily if the water contains any salt (NaCl). 
The appearance of crystals and the uneveness of the staining 
proved this method to be an unsatisfactory one. Staining of 
nucleus and ^anules by the use of gentian violet failed. Methyl- 
ene blue stained granules, but it could not he employed for the 
purpose on hand. 
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n. PHAGOCYTIC PHEXOMENOX OF THE CORNEAL EPITHELIUM 

Though the experiments on this line have not yet been com- 
pleted, some interesting phenomena will be described here. 

It was noted in the course of this work, that not infrequently 
in the preparations of cornea, where the pigment of the iris or 
chorioidea was accidentally mixed with the epithelium, the cells 
of the latter, originally not pigmented, took up the pigment, be- 
coming gorged with it. This was easily demonstrable, but more 
markedly when the pigment of the eye was finely teased and put 
into the culture medium with the corneal epithelium. The cells 
of the moving border, especially, took up the dark pigment 
abundantly. 

That the melanin granules are really taken up in the cytoplasm 
of colls, was clearly demonstrated in the preparations which were 
first vitally stained with neutral red (fig. 3). That those pig- 
mented cells were not the originally pigmented epithelium of eye, 
accidentally mixed in the preparation, is beyond doubt. The 
epithelial cells were able to take also melanin which was previ- 
ously heated or boiled. 

The arrangement of the pigment granules in the cytoplasm 
was characteristic, resembling that of the neutral red granulations. 
The cells of the basal layer were often abundantly packed with 
the pigment, and those of upper layers were able to ingest it, too. 

If in the epithelial cells which are originally not pigmented, 
abundant melanin is taken up, it is extremely difficult to distin- 
guish them from the original pigment cells. 

The possibility of epithelial phagocytosis has been considered 
by Riehl ('84) ; somewhat later, RabI ('96) also took up the ques- 
tion and found that the epithelium of adult salamanders (8. 
maculosa) is able to take up carmin injected subcutaneously. In 
cultures of carcinoma and sarcoma, Lambert and Hanes ('ll) 
demonstrated that carmin granules are taken up by the cells. 
Carrel and Burrows (Tl) observed a similar phenomenon in cul- 
tures of sarcoma. 

The melanin problem represents one of the most interesting 
questions in dermatohistology and experimental dermatology 
and is a much discussed subject. I should not go, of course, so 
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far as to say that the so-called ‘Einschleppungstheorie’ of UKdanin 
is generally accepted, though the fact stated above shows the 
possibility of its correctness. 

Though the observations here recorded have been made only 
upon cells in culture, still it may not be impossible that the same 
occurrence takes place in vivo under certain conditions. At any 
rate, the phagocytic action toward melanin of epithelium of the 
adult frog in culture is here definitely shown. 

Therefore, it is not quite safe, in the culture of pigmented epi- 
thelium, such as iris, to consider the pigment granules as the 
peculiar possession of that epithelium, because the original iion- 
pigmenied epithelium can ingest pigment granules. The study 
of a complex and peculiar cell, such as the pigment cell, requires 
great care in the methods used and in conclusions dravn. 

Carmin, which was ground into line powder, was also taken 
up into the cell bodies, \vhich then showed beautiful carmin 
granulation. For this purpose the use of tissue, vitally stained 
with Nile blue, offered great advantage. 

The arrangement and distribution of the granules was entirely 
similar to that of the melanin; the particles were arranged with 
considerable uniformity around the periphery of the cytoplasm. 

As figure 4 shows, corneal epithelium, cultivated in plasma (or 
serum), containing both melanin and carmin, exhibits beautiful 
melanin and carmin granulations which can be preserved safely. 
Examination of such preparations in serial sections demon- 
stratod the intracellular and perinuclear position of the granules. 
That they are in the cell bodies may be placed beyond doubt 
even by the careful observance of fresh preparation. Further- 
more, such preparations have the advantage of enabling the 
observer to watch how cells with ingested granules may become 
detached from the main mass and move off in the culture medium. 

Fine granules of Cliinese ink or minute foreign bodies acci- 
dentally mixed in the culture were also taken up by the 
epithelium. 

In regard to this most interesting phenomenon of epithelial 
phagocytosis, our present knowledge is very deficient. A strict 
differentiation of the epithelial movement from that of leucocyte 
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may not be possible in the case of the tissues of the frog living 
in vitro. Not only in their movements, but also in the phago- 
cytic phenomena (with respect to foreign bodies) do they show a 
certain degree of resemblance. 

The question of the said phenomena in the warm-blooded ani- 
mals, as well as their bearing upon bacteriology and serology, 
Avill be considered later. 

I wish to thank Prof. R. G. Harrison for the direction and 
support which he has given to this work. 

C. SUMMARY 

The epithehum of the cornea of the frog which was vitally 
stained with neutral red and Nile blue exhibits characteristic 
granules in the cytoplasm. 

If properly stained, the granules exist through the entire 
period of cell activity, without practically affecting the cells, 
and facilitate the observance of cell movements. 

Phagocytic phenomena of the corneal epithelium with refer- 
ence to melanin, carmin, etc., are definitely demonstrated. 

The distribution and arrangement of melanin and carmin gran- 
ules, if finely powdered, show a certain degree of resemblance to 
that of neutral red and Nile blue. 
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PLATE 1 

l^XPLANATION OF FIGURES 

1 Experiment 202. C, 11. Neutral red granules in different layers of the 
corneal epithelium (adult frog) cultivated in plasma, 12 hours old. a. Granules in 
the basal cells; 6, cells of a layer often recognizable between a and c; c, granules in 
the cells of upper layer; d, cells of the uppermost layer, which show no activity. 
X 450. 

2 Experiment 206. A. 3, showing neutral red granules in the moving epithelium, 
a, endothelium, h, and below, those of connective-tissue cells; c; 24 liours old. 
Culture in plasma. Alovement (from left to right) of the ameboid border of the 
epithelium, a, on the endothelial surface b, is demonstrated. That the moving 
epithelial membrane consists at least of two layers of cells is readily confirmed by 
the types of granulation. Note the crescent-shaped arrangement of granules in 
the basal cells. On the right, b, those of the endothelium are represented; the 
contours of the cells are not visible. Connective-tissue cells (e) , the contours of 
which are visible, show granules in their fine processes, too. As a rule, the 
hyaline processes of the epithelium do not show any granules (see also figs. 3 and 
4). The ti.ssue was intensely stained (four days in the dye 1 : 200,000). X 250. 

3 Experiment 226. A. 2, showing phagocytic phenomenon of the corneal epi- 
thelium, which are previously stained with neutral red; 24 hours old. Resemblance 
of arrangement of melanin granules to that of neutral red is noticeable, a, Drawn 
from a part of epithelium, moving on the endothelial surface of cornea; b, epithe- 
lial cells of actively moving border. X 450. 

4 Experiment 236. 12. Phagocytosis of the epithelium to melanin and car- 
min; 18 hours old. Culture in autoplasma, in which fine powdered carmin and 
fresh melnin of iris were added. Drawn from a part of moving epithelial rim. 
X 450. 
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OBSERVATIONS ON THE RELATION BETWEEN STICK- 
LING AND THE RATE OF EMBRYONIC 
DEVELOPMENT IN MICE 

WILLIAM B. KIRKHAM 
Osborn Zoological Laboratory, Yale University 

INTRODUCTION 

The present paper embodies the results of two separate but 
simultaneously conducted experiments, both designed to eluci- 
date further the problems presented by the l^gthened gesta- 
tion period in mice which are pregnant and at the same time suck- 
ling a previous litter. Daniel (’10), working with such animals, 
obtained results which showed an almost constant relation of one 
day added to the gestation period for each animal suckled; the 
present writer (’16), however, in a somewhat similar series of 
experiments, obtained results which showed no correlation be- 
tween the length of the gestation period and either the number 
of young or the number of embryos carried (cf. also table 

3)v IMb trerk^^did, however, reveal the fact that when more 
thair't^o yotmg are being suckled the implantation of embryos 
instead bl^occurnng on the fifth day after fertilization usually is 
delayed until the fourteenth day, during which period the blas- 
tulae M free in the lumen of the uterus. The cause of this de- 
layed implantation was tentatively stated in that paper to be due 
to an inhibition of some sort exerted by the fully activated mam- 
mary glands upon the uterine mucosa. The testing out of this 
hypothesis was the purpose of the foUowii^ experim^t. 

INl^RRUPTED SUCKLING AND THE RATE OF EMBRYONIC 
development 

program for this experiment was to take healthy female 
mice which h^ just given birth to litters, pair them for twenty- 
four hours witt healthy males, and then remove all but one of the 
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suckling young at intervals varying, with different females, from 
one to thirteen days. One young animal was left in each case to 
avoid too violent a reaction upon the lactating organs, and the 
presence of a solitary suckling animal has been found to have no 
influence upon the length of the gestation period. The females 
were all killed on the thirteenth day after the birth of the suck- 
ling young, and any embryos then present were sectioned and 
their age determined by reference to a check series of known age 
from non-suckling females (Eirkham, '16). The results of this 
experiment are set forth in table 1 and should be studied in two 
groups. The first group, cases when the full litter was suckled 
one to six days, embraces a period before the next set of embryos 
were ready to implant, while the second group, the remainder of 
the table, covers an interval when the blastulae were being in- 

TABLEI 

Data of all mice ttsed in <m experimerU to determine the effect on developing embryoe 
of removing aU but one of the euckling young. Unkes otherwise elated, the full 
number of young bom were suckkd until removed for the purpose of the experiment. 
Stage of development of embryos is in terms of actual age of similar embryos from 
rum-suckling females where thirteenth day posi-partum equals twelfth day of 
embryonic development. All the females were kilkd on the thirteenth day after the 
birth of the suckkd young 
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.J22 

1 
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J21 
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11 


J26 
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12 

1 young died 

3 27 
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J25 
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11 


J17 

■ 6 
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1 horn uterus lost 
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13 
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hibited from implanting. The importance of this grouping is 
apparent when one considers that in the iBrst group of cases in 
every instance an interval of from a few hours to several days 
intervsied between the end of suckling by the full litter and any 
readiness of the embryos to implant. Embryos in the second 
group, on the contrary, were presumably all prepared, before the 
removal of the suckling young, to implant themselves, and did* 
so as soon as the inhibition acting upon the uterine mucbsa fell 
below a certain minimum. 

Analysis of the data, with these facts in mind, reveals the 
interesting fact that while some sets of embryos (J 18, 21, and 
26) are as fully developed as control series when no young were 
being simultaneously suckled, others show a lag in developihent 
of from one to four days. No such diversity of results has been 
found by the writer in series of embryos from non-suckling fe- 
males, and furthermore, it is evidently not directly correlated with 
the number of young suckled (cf, J 26 and J 27), the number 
of embryos (cf. J 21 and J 22), or with the combination of these 
two numbers (cf: J 18 and J 27). There remains the explanation 
that the irregularity is due to an individual variation either in the 
strength of an inhibitory influence exerted by the mammary 
glands upon the uterus or m^the susceptibility of the uterus to 
such influence. Evidently some individuals are so constituted 
metabohcally that the inhibition is rapidly and entirely neutral- 
ized, so that if even a short interval elapses between cessation of 
full mammary* activity and the arrival of the ^s in the uterus, 
implantation and further embryonic development proceed as 
though no young had been suckled, while in other individuals an 
even longer interval still leads to delay in embryonic growth. 
The po^ble existence of such an inhibitory influence of the acti- 
vated ihaimnary glands upon the uterine mucosa has previously 
been shown by the experiments of Adler (12), who found that 
repeated injection of extracts of mammary gland intd pregnant 
guinea-pigs and rabbits arrested the development of embryos and 
often produced abortion. 
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CONSTANT NUMBER SUCKLING AND THE DEVELOPMENT OF 
EMBRYOS 

The second method of attacking the problem of prolonged 
gestation in suckling female mice was to detennine whether 
or not, if the number of young suckled was constant, the stage of 
embryonic development could at any given time after fertiliza- 
tion be theoretically determined. Four was chosen as the con- 
stant number, since it was neither the smallest size of litter known 
to prolong gestation nor, on the other hand, was it such a large 
number as to prevent the use of nearly all of the available material. 

Femal^ who had just given tirth to litters of four or more 
yojmg had the male already present removed, together with any 
excess number of young. This was done the morning following the 
birth of the litter, and at varying intervals thereafter the females 
were killed, the eggs or embryos obtained from these females were 
sectioned, and their stage of development determined, the as- 
sembled data being shown m table 2. 

The first notable feature in table 2 is the delay in implantation, 
no implanted embryos being found before the twelfth day after 
ovulation, a confirmation of work published by the writer in a 
previous paper (16). After the twelfth day of gestation there 
appears the same lack of corrdation, as noted above in con- 
nection with table 1, between their stage of developipent and 
the time of ovulation, and since if degeneration is going to 
occur it always takes place at the stage of four or five days' 
development, this possible factor can be ruled out. In other 
words, we have here proof of the fact that the irregularities in 
the rate of development of embiyos in females which are simul- 
taneously pregnant and suckling is due, only in small measure, 
if at all, to the number of young suckled, for if the numb^ suckled 
and the rate of embryonic development were correlated the 
data in table 2 should indicate a regular correlation between 
stage of development and age of embryos, and such is not the 
case. 

The exphffiation of this failure to coirelate the ratio of embry- 
onic develofmi® in suckling females with either the size of the 
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Data of all mice used in an experiment to de^emtTW the effect on devdoping m^ryos 
of the swkling of a fixed number of young. In this experiment aU litters triihin 
twdve hours of their birth were reduced to four young. Stage of embryome de^ 
odapment in terms of actual age of similar embryoe from non-suckling ftmdes 
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litter or with any other factor is to be sought in the first part of 
this paper, where the irregular influence of the terminatiwi of 
suckling, by a full litter is conclusively shown. Add to this the 
fact that under normal circumstances the suckling young begia 
to eat solid food at about the time implantation occurs in females 
whidi are simultaneously pregnant, and the evidence here 
presented all indicates that after full sudding ceases, wheth^ 
Temoval of the litter or weaning matters not, the inhibition to 
implantation is j^hdrawn or overcome at a widely different 
in different femwSw. Therefore, even wh^wi the mpaber ^dded 
is the same, the sets of embryos show no constant r^ of devdop- 










Data-regarding ihe Ungth of the gestation period in mice simvltaneously pregnant 
and suckling young. The gestaHon period in non-suckling females averages 
twenty days 
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ment, nor, as a consequence, .is the period of gestation a matter 
ihat can be figured but in advance, except with broad limitations 
'table 3). 

SUMMARY 

1. In mice sunmianeously suckling and pregnant the removal 
of all but one of the suckling young at any time during the first 
six days after the birth of the suckling litter leads in some in- 
stance to implantation of the embryos as soon as they reach 
the uterus; in other instances the implantation is more or less 
delayed. These varying results can correlated neither with 
the time of removal nor with the number of young taken away. 

2. In mice simultaneously suckling and pr^nant the removal 
of all but one of the suckling young at any time from seven to 
fourteen days after the birth of the suckling litter r^ularly re- 
sults in implantation being delayed, but the exact extent of this 
delay can be correlated neither with the exact time of rteoval 
nor with the number of yopng removed, although removal during 
the earlier pm^ of the period in question does hasten implanta- 
tion as compared with the time required if the young had con-* 
tinned to suckle. 

3. He foots in the above paK^raphs jmii^ the statement 
that full activity of the mammary gbrnds is^lie chief tause of 
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delayed implantation in ^e case of mice which are suckling young, 
and also t^t this influence of the mammary glands is sul^ect 
to marked individual variation. 

4. Ihe suckling by pregnant female mice of the same number 
(four in this e3q)eriment) of young will not necessarily lead to 
either synchronous development of embryos or the same length 
of gestatiori periods. The only explanation that can be offered 
at the. present time for this lack of uniformity is the individual 
variation^ noted in the preceding paragraph, of the inhibition 
from the mammary glands or in the strength of the counteracting 
forces, probably due to metabolic idiosyncrasies. 
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ANABIOSIS OF THE? EAETHWOEM 

PETER SCHMIDT 
AgriciUturd College in Pe^ograd 

The remarkable biological phenomenon, now known under the 
name of ^anabiosis/ given it by Preyer (^91), was already obsOTved 
in 1701 by the first Dutch microscopist, Anton Leeuwenhoek, 
Studying microscopical annuals, he found that some of th^, 
namely, the representatives of the present groups of Tardigrada 
and Rotatoria, living in the moss of the roofs and in the sand of 
the roof-gutters, can be completely dried up and retain for a 
long time their vitality in such desiccated state. If after some 
weeks or months of preservation one places in water the dried 
bodies of these animals, they quickly become swollen and in a 
short time the animals revive. 

The same observation was made afterwards by Needham (1745) , 
and Baker (1764) on .some Nematodes belonging to Anguillu- 
lidae; Baker revived these microscopical worms after twenty- 
seven years of preservation in the desiccated state. 

The famous Italian biologist of the eighteenth century, Abbott 
Spallanzani (1777), repeated all the experiments on the Tardi- 
grada and Rotatoria of the previous authors; he came to the 
same conclusions and cleared up many interesting details of the 
phenomenon. 

For a long time these experiments on resuscitation of micro- 
scopic animals had interested the scientific world rather more as 
a curiofdty. But in the second half of the last century the at- 
tention of %he biologist was called to the fact of the resuscitation 
in fi fmrift nt.ifm with the question of the origin of life and spon- 
taneous gi^eration. 

Hie property of resuscitation of Rotatoria and Tardigrada 
was once more carefully studied by Doy^re ('42) ^d the resusci- 
' tation of Anguifiulidae by Davaine ('56). Afterwards this 
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question was studied in a more deMed way by Gavam (■59). 
In 1860 the '8oci6t6 de Biologie^ in Paris was in such a d^^ 
interested in dearing up this question that it dected a special 
commission, with Broca as , president and Mbiimi, - Brown- 
Sequard^ Darest, GuilHeinint, and Eobin as members, for con^ 
trolling the experiments on revivification of Rotatoria and 
Tardigrada. This commission (Broca, ^60) not only C(mfirmed 
the fact of the reviving of these microscopic animals, but sdso 
stated their excessive endurance to hi^ temperature. In the 
dried state they endure a temperature of lOO®C.and can renu«h 
for very long time in a vacuum without loss of vitality. 

However, this question has not Been reviewed and re§xplored 
in full measure by modem methods. Some zoologists who have 
studidi the resuscitation of one or another respresentative of 
Rotatoria and Tardigrada for instance, Fromantel (’77), Plate 
fSB), Zacharias (’86) came to negative results, but the oth^, 
such as Schulz (’15), l^ve not only confirmed the results of 
previous authors, but have also new proofs of the re- 
sistance of exsiccated animals to the absence of oxygen. Ac- 
cording to experiments of Schulz, the Tardigrada, Rotatoria^ 
and Nematodes can remain exsiccated during one year in an 
atmosphere of pure hydrogen and not lose their vitality. 

Summarizing aU that is known upon this subject, onemay say 
that most experimenters have succeeded in the revivification of 
exsiccated Tardigrada, Rotatoria, and Nematodes, wMoh, livmg 
in moss and sand, are adapted to such loss of wat^. Ite body 
of these microscopic animals wrinkles up comple^y by the 
exsiccation and loi^s its form, but if placed afterwards in water it 
swells and regains its natural and contour. It can^te 
garded as proved, also, that sucb exsiccah^ animalcules endure 
easily and without injury high temperatures (i00°C. ^^ more; 
in experiments of Doyfere, 140®C.), ^ well as absence ci okygen. 

But many ponits of this remarkable ph^pmem^ 
unelucidated and require further investigation. it 

would be necessary to ascerto how far the 
withqUt loss of vitality. It is, a priori, 
aiumalcules^ lose all the wkter contamed 
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and it may be that the uncertainty of the results stated by some 
eKj^^rimentem depends mostly upon the fact that not all imimal- 
cules iose the same quantity of water by the exsiccation. But 
it » alt<^ether . impossible the percentage of water 

lost by the exsiccation of anabiotie li'ardigrada, Rotatoria, ^d 
Nematodes in consequence of the microscopic dimension^of the 
creatures. 

A casual observation has directed my attention to another 
object more appropriate for experiments of this kind and show- 
ing features completely analogous to the anabiotic Tardigrada, 
Rotatoria, and Nematodes--that is the earthworm. The 
kunbncidae are animals al^ adapted by the nature of Iheir 
habitat to exsiccation; they live in the uppennost layers of the 
soil, which are often more or less dry, and the wonns must lose 
water. Evidently they do not lose it in such degree as the moss 
inhabitants, but, on the other hand, they have a higher organiza- 
tion, and the loss of the same percentage of water must be for 
them of more serious consequmce. The comparatively large 
.size of earthworms permits a more detailed study of the process 
of exsiccation and also the deteimination, with full precision, of 
the degree of loss of water. 

In the first study concerning the earthworms, made by me 
in collaboration with my pupil^ Miss T. V. Stchepkina (Schmidt 
and Stchepkina, 16) , in the Zoological Laboratory of the Agri- 
cultural Ooiege in Petrograd, we have tri^ to determine the 
influ^Ce of lower temperatures on earthworms, and we have 
shown by exp^iments that the loss of water has no influence on 
the endurance of earthworms as to low temperature. The 
normal worms, as well as the partly exsiccated ones, die between 
and -2T. But in studyii^ this question, we discovered 
that the earthworins show a very great tolerance of loss of water 
centred in them bodies. 

I give here ft table of results obtained in 1916 in these experi- 
ments (table!). 
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TABLE 1 


Nuiura 

WilOHTOrTBl 

wom 

LOMARIBIX* 

um 

fmiffPiaimsiMr 

1 

tn&m 

1.2720 

trm4 

0.2430 

permt 

19.1 

6 ioinsIS mmut^B 

2 

0.8815 

0.2995 

33.4 

: wutes 

3} 


0.2670 

28.3 

6 45 minutes 

4 

0.9255 


28.5 

6 houn 45 minutes 

5 

1.1520 

0.32^ 

28.1 

6 hours 4S nunutes 

6. 

1.2589 

$ 

0.2583 

25.1 

6 hours 45 minules 


The exsiccated earthworms, having lost evm 33.4 per cent of 
the weight, are wrinkled and completely motionless, but placed 
on moistened filter-paper they quiddy revive and regain their 
normal size. Tjm observation exceed my interest, but absence 
of material in wintertime prevented the continuation of the 
experiments. 

In the su mm er of 1917 1 spent one month in the Experim^tal 
Agricultural Station Nikolaievskaya, belonging to the Petrograd 
Agricultural College. The chemical laboratory of the station is 
provided with all that was necessary for my study, and I profited 
by this occasion to continue my experhnents* 

The question that I proposed to solve was to find out the most 
conveni^t methods of exsiccation and of revivification of the 
worms and to detennine the percentage of the loss of water whidi 
stiU leaves the possibility to revive. 

The earthworm^, belonging to the species Allolobo|^ora 
foetida, w^e dug out in the garden and tim kept on moistened 
filt^^paper in a glass dish for two or three days,, so that thdr 
pt was cleaned from the earth it whidi othesryse 

would have disturbed the experiments. Bfiicxe 


worm was always dried with the filt^^paper and^^jcfi placedtea 
small , ^ass dish, previously webbed on a chemicid faidamy a&d 
tied up with a bit of muslin. After weighing, the ^bss dkh with 
the worm was placed in a defecator with calciumchteride» Tvrice 
(sr three times a dny all the glaas dishes wem w%%hed the 
p«cen^e(rf l9^, calculated. 




I took out the ^Irth- 
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worm and plac^ it directly on moistened fiiter>paper for the 
revivification ot preserved it temporarily in a corked test-tube. 

B^ore proce^dhng to the ^eriments on exsiccation I made a 
series of we^imgs in order to determine the pwcentage of water 
in the ^^worms. The glass tubes with the won^ were 
weis^ed placed in a steam^bath where they were dried at 
100®Gi until the weight became constant. Then the worms 
were dried during a certain time in the desiccator over balciura 
chloride and weighed once more. 

The results of thirteen detenninations is given in table 2. 


TABLE 2 


mWBWR 

wucnr or tbb uma 

VORII 

WCQHT or fHB 1)S8I0< 

CATXD BIST 

VATBB 


ffram 

gram 

peremt 

1 

0.7122 

0.1225 

82.8 

2 . 

0.8017 

0.1340 

S3.6 

3 

0.9301 

0.1434 

84.5 

4 

0.8101 

0.1500 

81.5 

6 

0.8983 

0.1379 

84.6 

« 

0.5782 

0.0845 

85.3 

7 

0.5105 

0.0901 

82.3 

8 

0.6432 

0.1395 

78.3 

9 ^ 

0.6570 

0.1115 

83.0 

10 

0.5165 

0.0647 

87.4 

11 

0.5842 

0.0739 

* 87,3 

12 

0.5798 

0.0669 

88.4 

13 

0.7328 

0.1099 

85.0 


84.1 




T^ results of these weighings are very near to those of similar 
undertaken by Miss Stdiepkina and myself in 1916, 
wh^ we found the ^rthworms to contain on the average 62.7 
pQ^ ceni of water. 


EXPERIMENTS, SERIES I 

The finrt 8^ of my experiments consisted in the exsiccation 
nl immediate rcvivifica^^. 

6^^ the exriccation are gjveh in the folfewing table 3. 








FiBTBR BCHMID^ 


TABIiBS 


i 

fiiTH or no ^ 
nsUWIKOllK^ 

wiioT or i 

1 

woo j 

XUTB OfFmAl. 
WBI6BIKQ ’ 

Bouatov 

■ttrOBiVlOB 

wmafoi' 

jainnr*': 

CMNIDWOllC 

WATMtm 

mailer 

’wumt 

1 i 

|25Vin7hi 

gram 
1.0133 1 

29VII20h 

ibNift 

90 

. ^nwu . 
O.^I 

47.5 

2 1 

25Vni71ii 


27Virnh 

42 


66.8 

3 1 

25VII17hi 


27 VII llh 

42 


JS.H 

4 i 

.26Vni7hi 

1.2222 1 



27VIIllh 

42 

SI 

56.2 


*For brevity I use the astronomical mode of designation of time. 


Earthwonn no. 1 was expo^ to a veiy gradual drying, it 
being confined in a narrow glass cylinder. Towards the end of 
the exsiccation (29 VII 20h) the worm had lost 47.5 per cent of 
its weight, was stron^y contracted, became* dark brown, had 
completely lost its mobility, but retained the elasticity of the 
body. After drying it was kept for thirty-nine hours (until 
31 VII llh) in a small hermetically cwked glass tube and then 
placed on moistened filter-paper. It showed no signs of mobility , 
but its body wag elastic and not frangible. After one hour I 
already observed some movments of the body. In the evening 
31 VII it had completely revived. After reviving its weight was 
0.9026 gram, i.e. 0.1117 gram lower than before the exia^tion. 

Earthworms nos, 2 and 3 were dried more quickly and lost 66.8 
and 75.2 per cent of the weight of the body. After exsi^^tkm 
they assumed a dark brown color and were covered with a diy, 
cnist-like skin. Four hours after the end of the esssiccation 
^ (27 VII 14h 50') they were placed on moistened filt^^iai^, but 
did not revive and showed no signs of life. 

Earthworm no, 4 lost 56.2 per cent of the weight of fte body. 
Its upper end was overdried and covered with crust-like 
Placed 27 VII 14h 50' on moistened filter-paper, H ^owed at 
15h 50' some weak’ contractions and movement m the caudal 
end of the b<^y, but the proximal end was much swdlen. The 
next day thk individual > 

This fizet series d expdfhu^ 

loss of more thm SO per^ cerU 
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EXPERIMENTS, SERIiES II 

was not so successful as the first, perfiaps 
be(^^ 1 earthwoims of a smaller, size: they dried too 
quid^ and lost their elasticity. The conditions of these experi- 
meqfe were same as in the first lories;, the only difference was 
that tile woims were not exposed to exsiccation in flat glass dishes, 
but in snM cylindrical test-tubes. This seemed to be less 
advantageous. 

The results of the exsiccation were as follows (table 4) : 


TABLE 1 


KU^BIB 

DATBOrVHS 
7IB8T wsiomwo 

irucnr o» 

fHl UTINQ 
WpBU 

DATl or ITNAL 
VlIQHIIfG 

Eoin»Of 

■XtlOCAXlOH 

WWOtTOT 

THIBZBZC* 

OAtlDWOBH 

UMSor 

WATtStK 

piBciirTOr 

wsiosroi 

1 ’ 

29VIil41i 

grams 

0.3486 

3lVlI20h 

hours 

54 

grmt 

0.1113 

69.1 

2 

29Vin4h * 

0.2806 

3ivirnh 

, 45 

0.1419 

49.5 

3 ^ 

29VII14h 

0.2425 1 

31 VII llh > 

■ 45 1 

0.1074 

55.8 

4 

29Vin4h 

0.2216 i 

31 VII llh ! 

45 

0.09^ 

56.5 


Worm no. 1 was completely overdried, and when placed on 
pabistdned filter-^per showed no signs of life. Worms nos. 2 
and 3 also did hot revive. Worm no. 4, placed on moistened 
filter-phper 31 VII llh, displayed after 1 hour some weak move- 
ments in the Caudal end of the body, but its proximal end was 
dead, f tried to save the caudal end by cutting it off from the 
proximal half of the body, but notwith^anding it died next day. 

^ EXPERIMENTS, SERIES III 

-^his Si^es was undertaken with the purpose of finding out 
whether it wera po^ible to preserve the d(:riccated worms and 
how long at normal temperature. To this end I placed them, 
Rfter diy^ in sterilized test-tub« corked wfth cotton, with a 
c(a:k j^;«pvered^^ 

'l^teeuith of iSm exsiccarion are ^ven below (taWe 5) : 




u 


BCHMlSf 




HTUBaS 

DATBOrTn 

vmiwu<aaxB 

wiientor 

mlrmro 

WOBM 

1H7M Of nUL 
WBIOBJXd 

aom or 

'lOndfern' 

nai9tw>' 

was^mem 

j/mia, 

wiiaw 

1 

2 mi m 

grmt 

1.2478 

4VIIMlh 

iauft 

iSi 

yMi' 

2 

2VHI 12h 


4 VIir llh 



' 4S.3 

3 

2 VIII I2h 


3Vini9h 

31 


S0.$ . 

4 

2Vini2h 


3 VIII 19h 

31 

0,15007 

44.8 

'5 

*2 Vini2h 

0:ed86 

3 Vin 19h 

31 

0.35^ 

49.1 

6 

2 VIII 12h 


4VIin8h30' 

64i 

0.#46 

46.4 


After preservation in test-tubes for twenty-four hours, worms 
nos. 1 and 3 were placed 5 VIII llh <m moistened filter-paper. 
Both had died and did not revive. On the four other vroms I 
detected in the morning 6 VIII many white spots—coloni^ of 
bacteria. The earthworms placed on filter-paper had all died 
undoubtedly by infection with bacteria. 

This series shows that it is impossible to preserve for a long Urn 
the exsiccobed earfhwcms at rwmM imperolwre^ as it is e^taioly 
impossible to sterilize them— their gut and body bang full of 
microorganisms. 

EXPERIJWIS, SmES IV 

The purpose of the fourth series was to*e«t^bM more precisely 
the limit to which the earthwoim can be exsiccated withwf loi^ 
of vitality. The experiments were arranged in the same mmmer 
as in series I and II. The worms were dried in ^ass (M 
ered with muslin. r - 

The results axe given in table 6. 


f ABLE 6 



DAtiornn 

nunmoBota 

ytfosmof 

^UVBIO 

VOIX 

smoriuub 

vnoBcra 

IK^mtOV 

'BJtWDOA-' 

«uir 

winmttr, 

' iiocAn& 
Irani.:- 

.'V ■ 

xoMor 

WAim m 
nOlcMVor 

1 

7.Vmi3h 

1.8272. 



l.9m- 

, «i,« 

2 

7Vnil8h4 


sMiitt 

24 


' 73.4 

3 

ElillS 





-61,4 

4 

7V«I13h 

0.516S^ 




■ 

5 





Mm 

:->iD.4 

6 . 

' 1 

TVpiSK 

O.iM 
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After tie exsiccation was fin^^ed were placed at 

The rewivffication weat on in 

W(A no*..l was dried slowly and with an interruption (fnan 
8 VIIl 20h to 9 VIII llh I k^t.H outside of the desiccator 
placbig the ^|ass dish directly nnd^ a glass bell) ; it was complete^ 
ly jn^onless^ter the drying, but its body was smooth, elastic, 
and without crust-like skin. Placed on moistened hltef-pailr 
on 9 Vin 19h 40', it had revived completely by the next momii^, 
had a normal appearance, and dispbyed very energetic move- 
ment. fts weight was 1.3067 grams— nearly the same as before 
the exsiccation. Placed on earth, it dug itself in at once. On 
11 Vni llh it was placed once more on iSIter-paper, and after 
scsne hours I noticed that several its posterior segments 
(15 to 20) were twisting themselves away from the body and were 
lost; certainly, they had suffered from the drying. Nev^eless, 
the worm was alive, and 12 VIII I used it for Ae second time for 
the experanents of exsiccation (cf. series VII). 

Nos. 2 and 5 were overdried, and placed on moistened filter- 
paper became only swollen. No. 5 showed some signs of life in 
the caudal end of the body, but died also. 

Worn no, 3 retained the cylindrical form of its body and was 
smooth. Its body was elastic, dark brown, and covered with a 
hard dcm. Placid on moistened filteavpaper 8 VIII 16h it became 
after 40' swi^ten^^ and exhibited slow contractions when touched 
with the forcepsi At ISb 30' its body displayed spontaneous 
contractions, but at 19h 30^ 1 noticed t^t the middle part of th^ 
body had become necrotic— the blood was flowing and staining 
tte fflter-pap€T red. Next morning (9 VIII llh) the upper 
tiif:W 3 ^;moYed energetically, but tiie ceudfJ end 
ahS j^wirf blood effusio^^ 

W<ami no, 4 after trying was in its proximi^ part dark, and was 
coy^^ a crusVl^ skin; ite cauM ^ not so dark and 

momjJa^;V Placed on moist^ed filt^pap® on 8 VEII 14h 
itiri^ted at lSi 80^ some sM i^tza<fl;ioi^ in the catM end. 
At ^ m 


m^OfUuL imirniwii. softLoar. 70 s.. 27, mo. I 



m 


mrnBmmmm 


(me rfosrly, i Next m<mung 

iksAf tbe eauiy midrii^ Me 

IBh the woim (^ed completely. This 

mal end <rf the body, which be(^e nicar^e imdi iiN^ 
micH'odi^gamsins, infected also the revived caudal e&hc . i: ; 

Wonn no. B had left the glass, dkh duniig the 
^ overdried in some parts of the body. Bei^ » duh 
played some movements, but swellings hadiormed hm and them 
on its body. Its head revived ai^ moved energetical]^, but m a 
short time the worm had succumbed. A - 

The experiments of this series have shown, that earthwonns 
can fT£?i^ qfkr the loss of em 61.6 per eerd of Ae mgkt of 
body; is. of 73 per cent of ^ fvU quaniUy of water in ihe organisrni 
But the revivification takes place only under favorable conditions 
of exsiccaticm, probably when it proceeds equally and gradu^y. 
When the exsiccation was too rapid, some parts of the body waJe 
overdried and the sldn became crust*like. In thk case evidentfer 
the blood-TOsels of the skm burnt during the swelling and^e 
blood flowed out. This blood effusion caused, as it se^, an 
infection with microorganisms and the overdried part ol the body 
periahed, causing the dea^ of Ihe worm. This explains the 
death of worms nos. 3 and 4, when B<ane parts of the bocfer were 
revived and showed energetic movmeots. ^ ^ ..k 

If the loss is mcue thmi 70 p&t cent of the wei^o{ thp bqdy^ 
Le., more than 83 per cent of the whole quantity of watiM^the 
worm does not revive, kit sometimes, neverthdess, it showed 
weak movements, as, for instance, no, 5. If the,* exsiccation 
was not equal and unifonn in the. whole body, the d^th of ihe 
W(to vras possible even at the k)ss (rf le^ than BO^perc^^ of the 
wei^t of the body:(for instMce, no. 6),. : - 

EXPERIifH^, SERte V 

The fifth fmes was a of the 4ird seri^ Ab the 

worms kept in the throUji^ i^cction 

with micuwfgMi]^, try wheftar the dried 

worn® could not be pieaeivil ii a iow^^ thts 
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end Sas woisns placed after the exsiccati^ in tet^tubes 
^hou 06 ; the temperature was dbout 

. -v 

^Eheirasidt^of the dryi^ 


TABLE 7 



i*-' ■ 

mwwiiamira 

'■ ■ 

win^or 

THIUVINQ 

'^(nw 

Dm ornKAL 
wuoaiNO 

HCHTBSOr 

SXKICCA- 

TIOJI 

wnon or 
m iK< 
UOOATID 

iroBic 

LQi»or 

wixiBur 

iruaa 


X.' ■ ■; 

trmt 


Lmr* 

tfromt 


1 

10 VIiriTh 

0.5060 

11 VIII 14h 

21 

0.1967 

61.1 

2 

10#III 17h 

0,7472 

11 VIII 18ii30' 

25i 

0.3206 

57.0 


10Vini7h 

Q.5003 

11 VIII 17h 

24 

0.1677 

66.4 

i \ 

lOVIIIlTli 

0.5005 

llVini4h 

21 

0,2160 

61.6 

5 

10 vni i7h 

0.5084 ^ 

U VIII 14h 

21 

0.2167 

57.3 

6 

10 VIII 17h 

0.6056 

12VIII20h ^ 

■ 51 

0.2527 

62.0 


Wonns nos. 1, 4 and 5 were placed after drying in test-tubes 
and carried to the ice-house. Worms nos. 3 and 6 were placed 
immediately on moistened filter-paper. No. 2 was left in the 
labmatory at the normal temperature of about 20°C. (in day- 
time). 

The worms placed upon the ice (nos. 1, 4, and 5) were k^t there 
for fifty-^ne hours (tiU 13 VIII 16h 200 seemed then to be 
completely normal without signs of infection. Nevertheless, the 
revivification was unsuccessful. Placed on moistened filter-paper 
13 VIII 16h 30' they displayed at 17h weak movements in the 
proximo end and in the tail 

Worm no. 1 at 18h 45' exhibited energetic contractions of the 
proximal end, but its tail moved weakly and the middle part of 
its body was motionless. Worm no. 4 was dead. No. 5 dis- 
played OTiergetie extractions in the tail and in the head, but the 
middle part of body with clitellum had died. , 

Next day (14 Vlll lOh 30') the proximal end of worm no. 1 
and its tail contracted very energetically, but the middle part of 
the body died. Clitellum showed blood effusion and the filter- 
pap^ beneath was red. The proximal end and the middle paft't 
of the* body wmm no. 5 died, but its tail contracted. * In the 
evening 14 VIII both worms wA'e de&iitely dead. * 






smMiDT 


The ili Mceess these «xpenments 
by the fact that I had occasionally used 
luins. The skin of the clitellmn is very ^b^od- 

vessels, which siJF^ from the - 

effusion and inf^ion. ' 

The revivfficaticm of the conferoi 
yielded neariy negative r^ults. Worm 2; 
t^tube at Bonnal temperature during tvrchty^^^^ 

placed on 12 VIII 18h 50' on moistened fJter-paper^ ^ ^ 
to be in a good state of preservation and showed m signs of 
’ infection. But as it was swollen, only some weak c Jltractions 
of tbe caudd end were seen, and at the proximal end white 
swellings appeared, as a s^ of infection. On the morning 
13 VIII the worm was dead. 

The worm no. 3 was exsiccated too quickly and overdried. It 
showed no sips of life and at tlm proximal end a blood effusion 
was observed. 

Worm no. 6 proved to be overdried at the proximal end, evi- 
dently also because there was a clitellum. The caudal two- 
thirds of the body was revived and moved energetically, but the 
proximal third perished. After twenty-four hours the whole 
worm was dead. 

This fifth series of experiments has neverthelc^ shown, that 


body, if preserved at low tmperaturey retain Mr 
forty-eighi hours. Their revivification was only parily 
but this dep^ded upon secondary causes, whife c(^d be 
avoided. Unfortunately, lack of time prevented me f mu ^ 
peating this series of experiments with all necessary precautite, 
needed after the foregoing ill success. Earlhwctos without cli- 
tellum should be tak^ and exsiccated more slowly *nd gradually. 

EXPERIMnIs, SERIES VI 

The rixth series was undfls^en with the view of studpig the 

were p^t intq sni^ into a deric^td| that 

stood on tte ice in th# icediOi^. The small size of the glass 
tubes caused a v^ slow exsiccation of the worms. ^ 
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the as follows (table 8). 


TABLES 


mnoidi-' 


MaaqKtar 

mjiBii 

or nvAii 
WU6aiK<f 

KOTOS or 
XXSICCA' 
tlOK 

WBOEtOr 
m ax- 

SlCOaTED 

VORX 

Lon or 

ITATaBUl 

raacaNTTO 

wazcnr 





htnar$ 

fVVSM 




0.6351 

16 VIII 15h30' 

75J 

0.2965 

53.3 


myiii ^ ‘ 

• 0.4306 

uViinsh 

99 

0,1740 

59 5 

3 

isApaiisfa 

0.4180 

17 VIII 18h 

99 

0.1717 

59.0 

4 

isviiiish 

0.3294 

14Vmi9h r 

30 

0.1196 

63.6 


Worn no. 1 j placed 16 VIII 15h 30' on moist filter-paper, 
showed at 16h 40' enei^tic contractions of the body, and in the 
evening (19h) had completely revived. 

Worms nos. 2 and 3 placed 17 VIII 18h 15' on moist filter- 
paper showed at 18h 35' the first contractions of the proximal 
p^ of the body. At 18 VIII lOh both worms were completely 
revived ^d moved with great energy. 

Worm np. 4 plac^ on moist filter-paper at 14 VIII 19h 30' 
showed contractions at 22h, but died next morning (15 VIII 
llh). 

This sixth series shows, that the combination of exsiccation 
and low temperature gives the most satisfactory results. Owing to 
the slowness of the exsiccation and the retardation of the activity 
of microorganisms the treatment affects the vitality of the worms 
in a very snoall degree and the loss of water is easily endured. 

Lack of time has not allowed me to repeat this series of 
rnents and to* try the preservation of earthworms exsiccated in 
thi^ manner at a few temperature. It is possible that the results 
might be more subeessful than in the foregoing series. 

EXPERIMENTS, SERIES VII 


In this last series I intended to try ihe exsiccation of worms 


But It^did use for thfe purpo^ worm no. 1 of series IV. 

Thfe earthworm^ wei^^ bn 12 VIII 19h and its weight 
was 1.2610 gr.— the diminution of its w€$^t as compared with 
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its weigjit (HI 7 HH l8h (cf; IV series^T^ 
its posterior segments after the first exsie<Jath)n 
in the desiccator on 12 VIII 19h, it was 
19h (i.e., forty*^ight hours]^and its 
grams or 62.6 per cent of the weight of 
was placed on moistened filter-paper an# at 
tions and movemaits of the prmdmal 
observed. But on the next morning (15 V^' lih) it ^ found 
dead. On the proximal end hemorrhage ahd swelffih#^i co^d be 
seen. It is possible that the exsiccation had surpa^ the limit 
or had gone on too rapidly^ 

This experiment is of course not suflScient for denjdhg the 
possibility of repeated revivification of earthworms, ^ 


CONCLUSION 

All the mentioned Experiments; which for lack of time I had 
no possibility of finishing, prove, as I believe, that the phenom- 
ena manifested in the exsiccation of earthworms are con^letely 
analogous to the results of exsiccation of Tardigrada, Rotatoria, 
and Nenatodes, and with full right may be called ‘anabiosis’ 
(Wer-life’). 

Actually by the exsiccation the earthworms lose completely 
their mobility, their size diminishes to one-h^ or one-thiM of 
their length and volume and tiiey show no manifestations of 
life. In the dor^l vessel, somethnes well seen throu^ the skin, 
no contractions can be detected with a microscope. Tlje ^seg- 
ments of the body are also completely motionl€sSi The mic- 
cated worm is dark brown, but must retain the elasticity of its 
body and its skin must be soft if it is to revive. It has the^p- 
pearance of a corpse or a mummy. In this state the worm can 
retain the capacity for revivification for thirty-nine hours at 
normal summer temperature (cf. worm no. 1 of the experiments 
•in series 1) and accordingffe eeries V and VI, for 48^ hours; and 
perhapfi more, at low ten^rature. It is possible, that at suit- 
able low temperatures one cap preserve the vitality of the exsic- 
cated Worms during a very' rime. I shall undeitsie ^cpm- 
inents In thk direction at the first opportimity. 
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diff^^eaGe s^ted in the ^c^womis as 
othef groui^ (^ mbi^ is that 

so to ocntinued {H^^ervation in the exsic- 

This is evidently accounted 
tIithpUcated. org^ni^^ of yfonm and the 
organized blood system, as well of a 
in the gut. The wiccation 
of (^ed on too far destroys its capillary vessels and 

ca^ia^ therblood fusion. 'Hie microorgani^ of the gut and 
of the suime of the body, multiplying under favorable con- 
ditions, bring about the death of the worm. 

^yhile showing a full an^ogy to the anabiosis of Rotatoria, 
Tardigrada, and Nematodes, the phenom^on of exsiccation of 
the worms has the practical advantage of affording the possi- 
bility of determining the amount of the loss of wateif contained 
in the body of the worm.. And in this direction I have discovered 
a fact, which seems to be of great interest: a very large percentage 
pLwat^ can be lost without the complete loss of vitality. 

As my experiments (cf. series IV, worm no. 1) have evidenced, 
earthworms can revive and regain the normal state of life afUr a 
loss of 61.6 per cent of the weight of the hody^ or nearly 73 per cent 
oftMweiyhtofthewaterc<mtaiMdinthehod^ 

#e take into consideration that the, organization of the 
ear^worm is comparatively infinitely more complicated and 
therefore more d^cate than the orgamzation of Rotatoria, 
Tardigrada and Nematodes, we can readily admit, that these 
microscopical an^lcules may have the capacity to revive after 
having lost 80 ^ 85 per cent of the amount of water in their 
bodies, or periu^ even more. 

This consideration throws some light on the seeming mysteri- 
ousness of the phenomenon of anabiosis that was discovered 
more than 200 years ago, but till now no known analogy in the 
higher groups of the animal kingdont 
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^ 1. INTRODUCTION 

It is a matter of common knowledge among naturalists that 
many birds and mammals undergo more or less marked changes 
in Appearance as the result of moult. These moults may mark 
different stages in the life cycle of the individual or they may be 
seasonal in character. 

In generd the greatest changes in appearance are incidental 
to the transition from the juvenal to the adult. Especially 
among birds, there are many species in Which the differences are 
c|Ste striking. - 

To quote AU^ (^&4a) in r^ard to Passerine birds: 

This ‘first^ or /nestling’ plumage can usually be recognized by its 
loose, fluffy texture, as compamd with that of adult birds of the same 
species, even thot|gh the coloration may be similar j but genemHy it 
differs notably also in color, and often in pattern of markings, from 
tHkt which immediately succeeds it, or from any plumage whi^ may 
be afterward acquired. Familiar illustrations are furnished by the 
robin and ihe bluebird, where the first plumage is so singly un^, 
both ino^or and marMngs, that of the adult bird of either sex (p. 92). 
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In a later parag^hf he says/^^Although 
particularly int^esting and instructive, 
clues to ancestral rdationships, it has not untip^riae^y 

theattentioait deserves, ev(»iaQaQng'pr(tfe£p^^t0mitiMPI^^' 

' Whitman (^04) in his work with 
garded the comparative study of’ 
important in tracing phylc^enetic 
hand; it is said that closely allied subs^^^^metimes differ 
more at this early stage than at any later p^od» JVppareatly 
there is still much to be learned concerning the sigoiflemice 
of first plumages. . . , 

Though the general features*of Uie change of pel^e have been 
described in many of the mammalS; the oniitholo^tB seem to 
haye proceeded somewhat farther in the study of the details of 
the process. 

Dwight (^00), in a study of the Passerine birds of New Ymrk, 
writes as follows: 

The plan on which a moult proceeds is a perfectly defiziite one, al- 
though often much modified and obscured. Old feathers or rows 
of feathers tend to remain until the newcomers adjacent hitve matured 
sufficiently to assume their function, when the old fall out and their 
places are taken by the new which develop from the same papillae. 

The systematic replacement of areas of feathers shows most obvioudy 
in the wings where not only do the rfcmiges fall out one affer another 
in definite sequence and almost synthronously from each wing, but the 
greater coverts are regularly replaced before the fall of the ^condaries 
beneath them, the lesser coverts before the median and even in the rows 
uf the les^r coverts alternation seems tc^ attempted. . On 
the body the protective sequence is less obvious, but the moidt regularly 
begins at fairly definite points in the feather tracts radiating irmu them 
in such manner that the outer rows of feathers where the tracts ^ 
widest and the feathers of their extremities are normally the last to^ 
replaced (pp. 83, 84). ^ 

Furthermore, iVight foupd a regidar sequmice in the de- 
velopment of the various father tracts, althpuj^ m young bi^^ 
an out^eak of mmfit in any of the tracts earlier or later 
less unusual. ? * 

Although, as a i^e, the moult proceed so j 3 ?adualiy and so 
simultaneously on opposite sicjl^s of the body that the pow^ of 
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w-pflr^aAp^rad. there are eases in which the process is not 

- ^l!te'I)^lB®i%(An^ amon^others^ according to Goues, 

so nes^ly simultaneously as to be for some 
tfeoi^^v^^ the power of flight. 

-fAe^deta& #^e^p^ are not so well known in 

the case rfm However, it appears that in general the 

process is more irregute than in birds. According to Allen C94) : 
^‘As a ruie, particulariy among the Rodentiaf the change be- 
cmnes fest apparent on the feet and about the nose extending 
gradually up the limbs and over the head and from the base of 
the tail anteriorly, and from the sides of the body toward the 
median line/* This appears to be the usual method especially 
in the moult, but the proce^ is said to be “subject to 
much irregularity, even among individuals of the same species, 
and it seems to vary somewhat in different groups” (p. 107). 

In describing the condition in rabbits Nelson j(*09) says that 
“the moults usually begin about the head and feet and proceed 
more or less irregularly over the body, but there is no absolute 
rule, and patches of new pelage may appear on any part of the 
body, especially if the old coat has been thinned by abrasion or 
other local cause** (p. 30). However, it appears that certain 
other students of the genus do not find the process of moult as 
irregular as described by Nelson. 

According to Barrett-Hamilton (T2), the order of change in 
the European hares, thijugh not invariable, generally follows a 
fairly regular sequence. In the autumnal moult, the feet and 
1^, the gray parts of the ears and parts of the head are firat 
Ik undergo the change. Then follows the rump, and the white 
Mca of the ventral surface gradually creeps upward on the sides 
until the brown of the summer coat is extinguished or remains 
as a ‘'sQQail island or islands.” In the spring the sequence and 
directions of growth are completely revered, the new pel^e 
appearing first on the head and medimi dorsal region, growing 
downwards. This same reversal is described by Allen in his 
pap# on the changes of pelage of the varying hare (Lepus ameri- 
eanus). , 
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PaBaiog to the MuzidaO; it maf be said 
species d this groi^ have long reared is 
extensiveljrin experunehtal work, v^y Httb#to#iie^®e^P% 
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that of (fegeod (^09) in his monc^ph 

As stated by-Oi§good, the mice of thiSf«ai»j^ Ifcp^ 
fairly distinct phases due to ^e-^the (yc|%^ m 

coat), the adolescent, and the adult. According to his deserip^ 
tiott of the asBufiaption of the postjuvenal car adolescent 
'This [i.e., juvenal] stage is succeeded by the adolesc^t peJage,^ 
which first appears on the middle (rf the sid^. Its growth pro^ 
ceeds rapidly upward on each side until union is eff eeb^ in the 
middle of the back, and then incloses the rest of the body, the 
rump and nape, usually beifig the last parts to be covered” (p. 20) . 

With reference to seasonal changes, he says: ' 


The new ^la^e may be acquired in re^ar and obvious niwmer 
with the fresh coat well distingirted from the old worn one, the growth 
proceeding from before backward and the middle of the r^ being 
the last to be invested, or the ql^nge may quite insidious and 
apparent only upon careful examination. The regmar method is fol- 
lowed in the adults of most species, while the other is more often evident 
in immature individuals (p. 19). 


My own observations in this fiid have been, in the main, con- 
fined tb a few species of this same genus. During the past year 
and a half I have devoted considerable attention to a sttdy of 
the seasonal and life-cycle changed in the pelage of rales 
of California deeMnice, reared in the murarhim of the Scripps 
Institution. It is the purpose of the present paper tP touss, - 
somewhat in detail, the' normal process of moult, especially wi^ 
reference to the assumption of the postjuvefial "pelage, ah^ 
furthermore, to describe certain modfficatic^ of thia process 
experimentally induced. 

I take this occasion to ©tpressimy sincere thanks to Dr. F. B. 
Sumner for many valuable suggestions and critickns. 


2. THE POSTJTOaOIi MOULT 


The deseriprion of this mouft ia based upon an 
weekly intervals of a series of t\i^nty specimens of the 
bom generation of Peromyscus maniculatus gambefi (Baird). 
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somewhat more at randmtt, w«Pe also 
sto<^, includiiig the subspecies soaoriensts 
(Le^^^^imArubidus Osgood, as well as a few specimens of 
and PvCalifornicus insignis Rhoads, 
animals and pmting the fur, it was possible to 
f(jloW & m(mlt from tim tune of the first appearance of the new 
hairB thrii^ tfe ; 

At birth the body is devoid of hair and pigment except for the 
vibris^ and supraorbital cifia. On the second day the upper 
parts begin to assume a bluish-black' color and the hair may be 
seen coming tbrov^ the skin of the pigmented area. A day or 
two later, the ventral white hair may be observed. 

At the age of four to five weeks, the young are^ as a rule, in full 
juvenal pelage. There are no further traces of pigment in the 
skin, which is now flesh color. This pelage, like the later ones, 
is made up of a fine soft underfur and a thinner coat of much 
longer and coarser overhair. As is the case in the adult pelages 
of many other rodents, the hairs of the underfur are banded or 
ticked (agouti), being of a blackish plumbeous or slate color 
bas^y, with a narrow subterminal zone of pallid mouse gray, 
while the tips are black.^ The overhairs are not of the agouti 
type, lackii^ the subterminal band. The general effect on the 
dors^ surface may be described as between neutral and deep 
neutral gray. 

^The juvenal pelage of the ventral surface, like that of the dor- 
sum, is made up of underfur and overhairs. Basally, the color 
is the same as in that of the dorsal surface, but the distal region 
is The lateral line of demarcation between the dorsal 
a||4 yent^ surfaces is very sharply defined (fig. 5) . 

The nucroscopdc structure of the hairs in the juvenal pe^e is 
essentially the stoe as described by Sumner (18) for the adult. 
There is, hpwev^, a very evident difference in the proportionate 
number of the (Merent kinds of hairs. The slender hairs with 
but a sii^ of pigment bodies, alternating with the air 

spaces, are much more numerous, while the yellow pigment is 
much reduced in the subtermin^ bands. The overhairs are 

* 'dwcriptions are based on Ridgway’s key. 
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attenuated at the tmse, being at thb level the h^ 

of the underfur. Both^ W mueh flattei^>- 

but the larger ones ahOF ho loeal attenuations su^ ^ 
scribed by Barrett-Hamilton (16) for Mus 
this appearance may be tiinulat^ by torsi^; 

In microscopic , structure, the vibnssae are markedly different 
from the hairs just mentioned. Though ^^th^ we the largest 
hairs on the body, there is but one axial row of lacunae containing 
a relatively small amount of pigment. Most of the pipient 
occurs in the cortex as sn^ granules arranged in longitudinal 
striae. This cortical pigment extends to the base, but gradually 
disappws toward the tip. This is the reverse of the arrange- 
ment in the body hafrs, in which the greater part; of the pigment 
is found in the axial region arranged in from two to four rows of 
lacunae in all except the smallest hairs. Furthermore, in the 
body hairs, the cortical pigment, which is restricted mainly to the 
superhcial r^on of the cortex, is most dense in the terminal zone, 
gradually disappearing toward the middle region. The lower 
» vibnssae are devoid of pigment almost or quite to the base, but 
this terminal white region becomes much reduced doisally. The 
structure of the two supraorbital cilia and of the hairs of the tail 
is similar to that of the vibrissai la certain pelage removal 
experiments to be described later, it will be noted that vibnssae 
and body hairs are not regenerated in the same maimer. This 
fact suggests the possibility of some sm^ of correlation between 
•the morphological and physiological differences. 

The transition from the juvenal to the postjuvenal pelage 
usually begins at the age of six weeks and is completed about 
eight weeks later. The new pelage first appears, on the thrUp 
near the angle of the jaw, or rarely on theanterim* sUrf^e of the 
forelimb along the lateral line.* Growth proceeds toward the 
median ventral line of the head and, at the same time, anteriorly 
under the eye and ear and posteriorly over the forelimb and 
shoulder. From these regions, it passes posteriorly above the 
ventral white to the hind limbs, at the same time creeppg up 
toward tim 4oraal 

* The Kn# of draawcatkm betw«n the white hair of the teatral silurfwie and 
.the dark hair of the dorsnm. 




Figs. 1 2 Diagrams of the dorsal and ventral surfaces, showing directiqps 

of grdt^ in the post juvenal moult of P. manicuktus gambeli. The regions on 
which moult pro^d^ more or less independently are shown by the dotted lines. 
The longer arrows indicate more rapid growth. LX, lateral line; p., point of « 
origin. 



Mg. 3 Diagram of lateral surface, showing directions of growth in the post- 
juvenal moult of P. maniculatus gambeli. Symbols as in figures 1 and 2. 
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The moi^lt may be well under way ] 
dencJs of it on the surface. The details 
learned only by parting the overlying j 

ing the new hair as it comes throu"’’ *'•- 
juvenal pelage is hrst seen on the suaw^tnsnaiJiy <n 
tabs, and somewhat later as triangular ' ^ 

^ese lateml areas paduaUy become OoiidMit^t '^ t 
just posterior to the shoulders (figs. 5 Mdfi) ' ^ 

Mer this 'saddle pha®’ (fig. 6) has been reach^ 

to, of to. «, Mo, to. ta, to ^ to. 

“'•f' eewlerfy MnjJaed boS 

the thTMt posteriorly. In many cases, there may be no suber- 
ficml mdicabons of the change, though in someitances^^ 
fimte moult line* may be observed. 

^ °"““Pl?ted over the whole body surface 

ra^t the region extending on the dorsal surface fnm the^in 
of the snout to the shoulders. The investment oftS^ Jf 
^ur soon afto tlbt of the rump, but usually only ^tw an in- 

on SietinJtT »» fct appears, anteriorly, 

on the tip of the taout, passmg posterioiiy to the eyes, theneca® 

wo diVCTgmg strips to the antaior insertions (rf the efes- the 
J^™g space being fified in by lateral and posterior gi^iS 
ii . the moult line moves from the shrom 

forward tow^ the ears, where the two area^ g 2 
the two directions may occur simultaneoudy or thaf of one 

le^n may be slightly in advmice of the (rthw. '. 

itffl shorJ than that of 

iolor ^^d te^. -nie genoal^ colto eflEeet it qifite d^aent 

rom t^ftt nf iiitTAnAt f .Tx _ j .* .. . v 
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Sacc^o's muter to sepia, with the dorsal median stripe more or 
less^onj^y- marked mth^b This difference in the gmeral 
3 appears to be due mainly to the increased 
; in the subterminal tends of the postr 



The^te^j^vew of two other races of California deer- 
mice (F.m. sohorienses and rubidus) as well as in a 'yellow^ 


mutant <rf gambeli, which appeared about two years ago in the 
murarium stock is essentially the same p above described^ 
in two other species of Peromyscua (califomicus insignis, 
and eremicus fraterculus) which occur in the vicinity of La Jolla, 
the process is quite similar, but upon a closer examination there 
appear to be certain characteristic differences in the points of 
origin and directions of growth. 


3. LATER MOULTS 

In general, in the assumption of the adult pelage and in the 
seasonal moults, the process is the same as above described. 
However, these later moults appear to Be somewhat more irregu- 
lar, and frequent partial moults further complicate the situation. 
These moults will be treated more at length in a later paper. 

X REGENERATION OF PELAGE IN JUVENAL MICE 


After having observed the rather marked regularity in points of 
origin, sequence, and directions of growth, in the assumption of 
the postjuvenai pelage, it seemed worth while to determine to 
what extent, if at all, the process mi^t be modified by the arti- 
induction regenerative processes. 

In the series of eiqieriments here described, a total of about 
forty gambeli were used, varying in age from two and one-half to 
seven weeks. The mice were etherized and the pelage was re- 
moved by plucking out with the fingers. The hair is quite loose, 
especially just pnevious to a mqult, and may be very readily 
removed in this manner without injury to the skin. 

Except in those cases where the moult was too far advanced, 
the following regions were operated on in every individual: 
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L The dt»8al mediae of (Jie hM from :j(S^ tip 
auout tothe baseflf tije sk^ ^ ^ 

Z The Wps and thig^ ^ _ ^ . ^ 

t About 1 sq. cm. in the mMvenfrai 
the- hind limbs. , 

Al&ough individual differences were in «^me caw quite 
notio^le, mfime^^thepode of r^laement (m depilated 
areas was much the same. 


The histcay of one brood (offspring of 9 106) uaay be regarded 
as f^ly typicM* The tiiree memto <rf thk brood were op^^ 


ated upon, as outlined above> at tiie age ^te^ days. At 
that ti|ne they were in full juy^nd pelage. Mthout ^c^tion, 
the skin of tihe posterior haJf 4 the dorsum was still dark-^^ 
indication that the growth of the juvenal hair was still in prog- 
ress.* The denuded areas on the head fmd ventiai surface, 
however, were devoid of p^ment. 

Two days later, the pigment in the skin of the dorsum had 
almost entirely disappeared, except on the e:q)osed area on the 
hips. Here a rather, striking effect was observed. The skin 
was as dark as when the pelage was first removed, the line of 
demarcation between the two areas bemg very clearly defined. 

On the seventh day, the exposed skin on the head was begin- 
ning to darken. That of the hips was somewhat lighter than when 
last ob^rved, though it was stiU much darker than the surround- 
ing skin. On the ventral surface, there wasa slight darteing of 
the skin of the posterior area. ^ 

Ten days after the operation, the pigment in the skin of the^ 
depilated region on the hips had not wholly disapp^red. In Jlie 
meantime the exposed skin on the head had become mu<!b more 
intensely pigmented. The throat patch imained flesh color, 
while the posterior ventral area was sligh% darkened. 

When the brood was exammed on sevmteenth day, some 
rather marked individual d^erences were noted. .In (me case 
the depiW^d area on the herf was entirely covered with, post- 


* NofinaUy thi6 pigmeitt fliaap^jears and tba skin becomes Cesh color ter the 
hair attains its full li^gth. , ; ' 
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juvenai p^a^, about half grown out, almost uniform in length, 
thoui^ ali^tly longer posteriorly. Those of the ventral surface 
were also covered with pelage of about uniform length. 
In the n^nfee the normal postjuvenal moult had applied on 
the point of the jaw, extending under the ear and 

down on the anfcnor face of the forelimb entirely outside the 
depilated '^<m and in typical fashion. At the same time post- 
juvehat pdage, barely throi^ the skin» was found extaidi^ as 
a narrow band on the lateral line from the base of the tail to the 
fordimb on one side of the body, and from the hind hmb to the 
forelimb m the other. Both strips were continuous with the 
new pelage comii^ in on the posterior ventral area. Never 
having obsaved this condition in a normal mfoult/ l am inclined 
to reg^ tte premature appearance of postjuvenal pelage in this 
region as an abnormality resulting from the operation. At this 
time the depilated area on the hips was still bare. 

In the other two members of the litter the normal moult had 
not appeared by the seventeenth day. The depilated regions 
of the head were covered with a uniform growth of postjuvenal 
pelage, but the hip regions showed no indications of regeneration. 

Within a few days postjuvenal pelage appeared on the hips 
where the juvenal pelage had been removed, and a month after 
the operation the new pelage on all the depilated areas was fully 
grown out. At this time both surviving members of the brood 
were approaching the ^saddle phase^ of the normal moult (fig. 12). 

A comparison of the foregoing description with that of the 
normal moult will show the marked extent to which the normal 
process has been modified by artificially induced regeneration. 

replacement on the depilated areas were to follow the normal 
sequence, tbe order would be as follows: 1) throat; 2) posterior 
ventral area; 3) dorsal lumbar region; 4) dorsal head region. 
Moreover, as aheady noted, the dorsd head region is normally 
invested some weeks after the appe^ance of the new pelage on 
the throat Mid forelimbs. 

It win be observed that growth on the d^ilated regions is 
much more nearly simultMieous than is normally the case. Eur- 
thenhore, the sequence is not the same. Regeneration on the 
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head precedes replacment on ihi hips and h 
version of the natural order; Growth is alm^ s&i^me(W^on 
the two denuded areas of the ventral surface, ^ 

of the hips was last to be r^laced. / " » ; ' ' ^ ^ ^ 


was radically different from the normal prbcei^. I^icafly, 
growth proceeds, a) dorsaUy, from the tip of . 
anterior insertions of the lars^ or, in some case^ posterior^ to a 
point midway between the ears; h) from the shoulders, antmprly 
over the back of the neck to the ears. In contrast to this con- 
dition, in regeneration the n^w. hair appears almost simultane- 
ously over the whole of the depilated area. ^ 

* It k but natural to suppose that the normal process of growth, 
would be less prt^oundly modified were regeneration to occur 
immediately before or during the normal moult. But this does 
not seem to be the case. In mice operated upon at the age of 
six weeks, with the normal moult well under way, regeneration 
occurred in essentially the same manner; as regards sequences and 
directions of growth. Even in an extreme case, in which the 
entire body except the head and rump were covered with post- 
juvenal pelage, replacement on the head was somewhat in 
advance of that on the rump. Replacement on the head was 
fairly uniform, though the snout below the eyes was last to be 
invested— an inversion of the normal condition. 

In exceptional cases the normal order is not so completely dis- 
guised, as shown by the history of anotiier brood (that of $ 
the four members of which were orated upon in the sme 
manner and at the same age as the former brood. 

The first su^estion of the normal process, sudi as wd 
occur without operation, appeared on the depilated area of the 
throat about a week after the hair was removed. .Here there 
was a pereq)tible darkening at the point of the jaw and. along the 
antmor face of the foreliml^ thus outlining the region where the 
postjuven^ pelage normally appears. At the smhe time the 
rest of the exposed area showed no signs of pigmeni fommtipn. 
Within a few days incoming pd^ appeared tMs pigment^ 
area, the rest of the region being covered some days later. Typi- 
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cally, as to been alre^y indicated,® replacement after depilation 
o(»to the whole region. 

A furj^^jreimWer (rf the normal process was noted in the 
mode trf i^^eration on the head. Instead of the fairly uniform 
r^lac^di^t usually observed after depilation, there were two 
independent centers of growth. Kgment (followed in a few days 
by the inccaning hair) first appeared on the snout just below the 
level of the eyes, spreading anteriorly to the tip and posteriorly 
to a definite transverse line connectfig the anterior insertions 
of the ears, the skin posterior to the line remaining unpigmented 
for several days. In another member of the brood pigment 
developed at the same time on the snout and back of the ears, 
leaving a small patch of pigmentless skin between them. 

The incoming postjuvenai pelage does not ordinarily trans- 
gress the limits of the depilated region and, as a rule, the mode 
of change on the rest of the body surface remains unmodified. 
Occasionally, however, there is apparently some ^action at a 
distance.' One such case has already been cited.® In another 
instance, where the juvenal pelage had been removed from the 
hips, the incoming postjuvenai, passing beyond the denuded 
region, ^tended anteriorly to the middle of the dorsum, meeting 
at this point the normal moult which was proceeding in the 
opposite direction. In other words, the normal direction of 
growth had been reversed on a part of the dorsum which had not 
been operated upon. 

In all cases where the juvenal pelage was removed it was 
replaced by the postjuvenai. However, I have noted what at 
first appeared to be an abortive attempt to regenerate juvenal 
h^. 

During the week following the removal of the juvenal pelage 
(in those cases only in which the skin was dark at the time) 
a growth of fine shprt blackish hairs appeared on the denuded 
ar^. This was succeeded in a few days by the incoming post- 
juv^hair. 

‘ See pa^ 83 above. 

• See page 83 above. 
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When subjected to microsw>pic^ it w«8 found 

that these hairs represented the basal portions 
broken off in the idrin at the time of the Tn ' 

cases, the tips plainly show evidences of fractum; ^ It ia'mteies&g 
to note that in many of these hairs the locais«pfeion 4 ^ 
has been modified to a marked extent. 

Evidences of the segmental arrai^ement may be partially or 
wholly obliterated. The amount of pigment spears to be some- 
what greater than in the ilrmal hair at this levM. Ilkincr^, 
however, may be more apparent than real, ^aresult of the more 



5. REGENERATION OF ADULT PEUGES 

In addition to the foregoing stu(fies of regeneration of hair 
in juvenal mice, a number of rather inddental observations were 
made oh adults. 

In order to facilitate the study of the details of normal moult, 
the old pelage was removed by blipping close to the skin. In 
all, seventeen adult gambeli were included in this series, t Ten 
of these mice were clipped over the whole body, including head 
and limbs, while in the remaining cases the hair was removed 
frohi one side only. The mode of replacement was so irregular 
that the primary object of the experiment was not attained. 
However, the results from the point of view of regeneration may 
perhaps be of some interest. 

Although obscured by various irregularities, there were some 
vestiges of the normal process. The first evidence of grov^th 
was seen, as a rule, on the throat and forelimbs. Replacement 
on the ventral surface preceded that on the dorsum, whilefin 
general, the moult^ proceeded from before backward. 

One of the most striking and characteristic departmes from 
the normal process was the appear^ce of more or less numerous 
small isolated patches of. hair over the posterior half or tvro- 
thir^ of the body. These ^hair islands,* which were usually 

» Since the i^ocess includes the shedding of the clipped hnic, the term ‘moult’ 

may properly he used in this coni^taon. 
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moi^ ill ^fvidiMiee (m the dorsal sui^ace^ appeared simultaneously 
mth the new^p€i^ <m the throat and forelimbs. 

bellowing this partial restoration after the new hair had at- 
tamed ite full length there were no further sips of regeneration 
for a period varying in different individuals from one to four 
monto. Then new hair appeared at the same time on all the 
bare spots between ike ^idands/ except on the rump, where, in 
most cases, reph^ment was still incomplete when the animals 
were last examined, five months after the operation. 

Although tiiere appears to be no subsequent growth, of the 
body hairs, which were fully grown out at the time of the op^a- 
tion, it is worthy of note that the restoration of the vibrissae is 
accomplished by the elongation of the identical hairs which 
were cut. Although, as previously pointed out, there are cer- 
tain structural differences between these two types of hairs, the 
cause of the difference in the mode of regeneration is not at all 
evident. 

In those individuals in which the pelage was removed from 
one side only, the mode of replacement was essentially the same. 
App^ntly, at least within these limits, there is no correlation 
between the rate and mode of regeneration and the size of the 
area operated upon. 

While engaged in a study of seasonal changes in color due to 
fading, abrasion, and other causes, it seemed highly desirable to 
be able to compare old and new pelages on opposite sides of the 
body of the same individual. With this object in view, a series 
of twenty adult gambeli were trapped in worn and faded pelage, 
a few weeks p^orto the autumnal moultingseason. The animals 
were etherized and the old hair was plucked out on one side only, 
from the dorsal median line to the lateral line and from the tip 
of the snout posteriorly to the base of the tail. Although this 
series of experiments will be described more fully in a later paper 
dealing with color variations, they may be briefly mentioned here 
in connection with the topic of regeneration. 

Replacement occurred much more rapidly than in thepreeeding 
series. With but one exception, complete restoration was ac- 
complished one month from the date of the operation (fig. 15). 



M H. OOXJ^S 

Replacement occurred at about tiie same toe over the whto 
area, though that on the forelimbs and. throat wps in 

advance and the hip and hind limb were covered last, ®th 
but few exceptions (probably not observed at the ri^t tim^); 
‘hair islands^ were seen particularly on the poster part #to 
dorsum, but they were obliterated within a few days by the 
appearance of hair on the intervening pateb^Sv 

The differences in the appearance of the two sides of the body 
are sligl^ and in no case comparable, with the contrast in the 
coloration of individuals representing buff and dark Cremes 
within to species. 

6. DISCUSSION 

A study of the details of moult in living juvenal Perdmyscus 
discloses a greater regularity in to process than appears to be 
characteristic of adult mammals in general. 

It is found that the change occurs more or less independently 
on different parts of the body, suf^esting tracts somewhat com- 
parable to the pterylae in birds. This is most clearly seen in the 
method of moult on the dorsal surface of the head where gfbwth 
proceeds from the neck anteriorly, and from the tip of the snout 
posteriorly to the ears. Then again, moult appears independ- 
ently, although synchronously on opposite sides of the body. 

While the marked regularity of replacement of feathers on the 
wings of birds may be regarded as an adaptation for the preserva- 
tion of the power of flight, the sequence bf moult on the various 
pterylae, of the body proper, and the similar phenomenon in 
mice as well could scarcely be intejpreted in tfe salne light. * In 
this connection, Dwight (’00) writes as follows: 

The important part that the blood suppb^ plays in Ibis plan ap- 
pears to have been quite overlook^ nw have I lad the oppdi^uiuty 
to fully investoUe it I may ^y, however, ^t the iatoricm^rf 
moult from given pointe corr^ponds very closely to the dl^rihution 
of the arteries, beginniijg where the main trunks come to 

the surface and ending with then ultimate ramifications (p. 84), 

This same idea is suggested rather indiiecdy by SehiUt^^^ 
who regards the color marldi^pl naamirmls as (hie to differed 
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tifjs in ^owth which itre due, in turn, to inequalities in the pe- 
rifdieral blood supply. We ^11 consider this theory more at 
length in the discus of his studies of the regeneration of hair. 

]ji the j^ studied I find some deviations 

from the process of moult as described by Osgood (W) in his 
monograph of the genus. With reference to the postjuvenal 
moult he writes: ^-This [i.e., juvenal] stage is succeeded by the 
adolescent pelage, which first appears on the middle of the sides’^ 
(p. 20) . I do not find this to be the case in any of the three species 
examined^ Another difference is in regard to the regions last 
invested. Instead of the “rump and nape usually being the lant 
parts to be covered,” the juvenal pelage normally persists on the 
head between and just anterior to the ears for days, often for 
weeks after the complete investment of the rump region. In 
these regards, the species in question do not appear to be typical 
of the genus. 

The precocious appearance of feathers or hair characteristic 
of a later plumage or pelage has been mentioned by a number of 
observers. With reference to the varying hares, Allen (^94b) says : 

In the case of wounds from fighting or other cause, resulting in the 
violent removal of large bunches of fur, it is interesting to note that in 
the autumn the new hair comes out white, often weeks in advance of 
the general change, and ihat in spring, under similar circumstances, 
the hair comes out brown, like the summer coat, much in advance of 
the general change from winter to summer pelage (p. 121) . 

A rimilar condition has been described by Schultz (’15) in the 
Himalayan rabbit. In this animal, which is a pink-eyed albino 
with black f^, 'muzzle, and ears, the black markings do not 
appear in the juvenal pelage. By plucking out the hair on one 
ear, Schultz obtained animals in which one ear was black while 
the other remained unchanged until the next pelage was assumed. 

In the domestic fowl the secondary sexual feathers which are 
characteristic only of the adult plumage of the male may be 
caused to appear prematurely by plucking out the undifferenti- 
ated body feathers^ which prec^e them. According to Pearl 
and Boring (’14), “If the juvenile feather is removed from the 
follicle the next feather produced by that follicle , will be the 
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secondary sexual feather, and not a fealiier of the juvenile, tyjje. 
After that all further regenerations are of lie sextklfy 
tiated feather” (p, 144). 

I have occasionally noticed the premature^ppeu^ance olpost* 
juvenal pelage without operation in yotmgj^nke which had lost a 
patch of hair before the time of the r^ular moult, or in places 
where apparently the juvenal hair had failed to appear. ^ 

In the course of his rather extensive studies of the r^^eraticm 
of hair in rabbits, Schultz describe certain ph^opmena, similar 
to those which I have found to occur in mioe. 
i For example, he found after shaving large patches on the dorsal 
and ventral surfaces of an* adult black and tan rablnt that 
restoration was accomplished quickly on the ventral surface, 
while the depilated region on the dorsum, with the exception of a 
few 'hair islands/ remained bare for a year after the operation. 
On the other hand, when the pelage was plucked out, restoration 
was found to occur promptly at all seasons of the year and in 
animals of different ages. • 

As already pointed out in my account of the regeneration of 
adult pelages,* the conditions are quite similar in the case of 
Peromyscus. In both animals the activation of the hair follicles 
is more readily accomplished when the mechanical stimulus is 
added to the effects of temperature upon the exposed skin. 

Schultz regards the appearance of 'hair islands' as due to 
differences in the peripheral blood supply. Furthermore, he sees 
in this phenomenon an evanescent manifestation of the ipottled 
color pattern, as seen, for example, in dappled gray houses. 
Another of Schultz' experiments ' may be briefly mentioned 
because of its general bearing on his theory of animal coloration. 
In the Himalayan rabbit, according to his account, when white 
fur was plucked out it was replaced by black, although^ to 
color is normally limited to the feet, ears, and muzzle. The 


could be produced at will on parts of the body where they never 
occur in nature. In the course of his experiments, it became 

• See page 87-ahove. 
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evident, so he believed, that light played an important r61e in the 
production of pigment in the skin of the depilated surfaces. On 
the margins of the depilated areas, shaded by the surrounding fur, 
the regenmted hair was found to be white, while that in the 
partially shaded region was less intensely pigmented than the 
fully ^posed central area. Furthermore, he describes having 
obtained hairs of the banded or agouti tj^ie by exposing the 
denuded skin to light at certain intervals only. 

The experiments were repeated on a number of other rodents 
with negative results. Nevertheless, Schultz suggests that the 
differential coloration d the dorsal and ventral surfaces char- 
acteristic of many mammals may be due largely to differences in 
illumination. 

While my own investigations have not as yet been carried far 
enough to warrant the formulation of an alternative hypothesis, 
it nevertheless appears obvious that the theories advanced by 
Dwight and Schultz are inadequate to account for some of the 
phenomena observed in the moults and color patterns of mammals. 

Dwight^s theory of the coirelation between the distribution of 
peripheral blood-vessels, and the points of origin and the sequence 
of moult on different parts of the body of birds does not appear to 
be applicable in the case of mice. We should scarcely expect to, 
find differences in the arrangement of superficial blood-vessels 
sufficient to account for the differences in points of origin of the 
moult observed in species of the same genus. But, more than this, 
the fact that, in regeneration following removal of pelage, the 
normal sequence is so markedly modified speaks against this 
hypothesis. 

In no mammal are the differences in coloration of the dorsal 
and ventral surfaces more marked, nor are the two regions more 
sharply delimited than in some of the species of Peromyscus. 
The sharpest contrast is seen on the tail. 

Whatever the r61e of light may have been in the evolution of 
this color pattern, it appears to be a negligible factor in its 
ontogenetic development. Since these animals are mainly 
crepuscular or nocturnal in habit, the growth of the hair occurs 
in diffuse light. Differences in illumination of the. dorsal and 
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ventral surfaces are practically nil. Then, tooi the dorsal surface 
of the tail is rarely wholly covered by the median stripe. Here, 
under identical conditions of illumination, heavily pigmented 
and pigmentless hairs develop side by side. 4 

Furthermore, I have observed no differences in the color of 
hairs of the shaded margins and of the exposed c^tral portions 
of depilated areas. The capacity for the production of hairs of 
the agouti type appears to be quite definitely confined to the 
dorsum, the position of the lateral lineapparentty being unaffected 
by the operation. Recognizing the fact that in a large number 
of cases the markings of animals obvioi^ly cannot be attributed 
to differences in intensity of illumination, Schultz has recourse to 
a second theory, namely, that such color tnaridngs are due to the 
inequalities in the peripheral blood supply. The black markings 
of the Himalayan rabbit are found on the extremife where the 
blood supply is somewhat reduce. The dorsal median stripe 
found in many mammals, in Peromyscus for example (figs. 7, 9, 
15), is said to be due to the pressure on the skin d the underlying 
vertebrae, which impedes the circulation. The rings on a cat’s 
tail overlie vertebral processes, and so on through the category. 
It must be pointed out in this connection that Schultz appears 
to be somewhat inconsistent in' his application,of this theory. 
In one paragraph we read: 

Meine Ergebnisse, dass wachsendes Haar besonders fur Farbstoff- 
bildung geeignet ist, und zwar urn bo mehr, je lebhafter die Waohstums- 
vorgSnge, sind eine Art Nachahmung der von Darwin bemerkteh Natur- 
erecheinimg, dass weisse Taubenrassen unbefiedert, dunkle befiedert 
dem Ei entschlupfen. Die Kaninchenalbinos, die ich hielt, scbienen 
mir bci der Geburt auch so gut wie kahl, die farbig geborenen Rassen 
abcr stSrker behaart. 

In vielen Natunnustem finden wir die st&rjcsten FarbstoffwihSufun- 
gen gerade an Stellen, die durch st^kstes Haarwachstum gek^zeich- 
net sind, und an solchen Vorspriiiigen und Ausbeutelungen der Haut, 
die zeitweilig starker wachsen mtissen als ihre Umgebung, z. B. M^ne, 
Schweif und Beine der Grauschimmel (p. 161). 

However, in regard to the black markings of the Himalayan 
rabbit, he writes: 
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Betrachtet man die Russenkaninchen als Gauzes, so erhalt man den 
Eindruck, dass an ihnen die mehr innen gelegenen Teile farblos bleiben, 
daher nicht nur die andern inneren Gewebe, sondern sogar die roten 
Augen, welcbe nach innen versenkt sind. Die dem Herzen femeren, 
den Scbadigiingen der Aussenwelt und der schlechteren Durchblutung 
mehr ausgesetzten Teile, Nase, Schwanz, Ohren, Ftisse, sind der Farlih 
bung verfallen, uberhaupt neigt daher insbesondere die Haut zur 
Farbstoffbildung. Die inneren Organe scheinen gerade wegen ihrer 
besseren Durchblutung, geringeren SchSdigung wegen Farblosigkeit 
zu besitzen (pp. 551 and 552). 

That is to say, pigjnent formation is most pronounced where 
the processes of growth are most active, and at the same time, 
in regions having a relatively poor blood supply. From which it 
appears to follow that an adequate supply of blood tends to 
inhibit growth. 

It appears that, at best, Schultz' theory of the relation of blood 
supply to pigmentation is applicable only in a limited number of 
cases. The list of exceptions is overwhelmingly large. 

To cite a specific case, the hair on the feet of Peromyscus is 
pigmentless. This is characteristic of the genus, whence the 
name, ‘white-footed mice.' 

Furthermore, in many species of small mammals, individuals 
having white-tipped tails are of frequent occurrence. In the 
case of Zapua insignis, as cited by Miller ('93), this white-tipped 
condition has become characteristic of the species. In certain 
species of Peromyscus, Sumner (’18) describes the occasional 
appearance of the same character, and of pigmentless snouts as 
well. In the alternative inheritance of many color patterns, 
we are confronted by another category of facts which are not 
readily interpreted in the light of Schultz' hypothesis. 

In conclusion, we may refer to the interesting and suggestive 
researches of G. M. Allen. This investigator has found that in 
general in mammals and birds, pigmentation centers in eleven 
separate areas, five paired, and one unpaired. Pigmentless 
markings are said to arise when contiguous areas fail to meet. 
Each area may vary independently. 

Further investigations along these lines may go far toward 
clearing up some of the puzzling problems which one encounters 
in a study of animal coloration. 
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7. SUMMARY 

1. The process of normal moult has been followed in a large 
series of living mice representing several species of Peromyscus. 

2. In this study of the living material, the process of moult 
is found to be, in a measure, comparable in regularity of sequence 
and directions of growth with the moults of birds. 

3. In the postjuvenal moult, growth occurs more or less in- 
dependently on certain regions of the body, suggesting the mode 
of moult in the pterylae of birds. 

4. The moults of adults are generally of a more irregular 
character. 

5. In young mice the change of pelage is quite obvious, but 

in adults it may be quite insidious and evident only upon close 
examination. * 

6. In general, the process of moult is quite similar in different 
species, but in some instances there appear to be certain minor 
differences. 

7. By plucking out juvenal hair, the precocious appearance 
of the postjuvenal pelage may be induced. 

8. Under certain conditions, the appearance of this postjuvenal 
pelage, after artificial removal of the juvenal, is preceded by the 
outgrowth of an aberrant type of hair which persists only for a 
short time. Within these hairs the localization of pigment is 
abnormal. 

9. The normal sequence of the incoming hair is profoundly 
modified by artificially induced regeneration. 

10. Restoration of pelage in adults occurs irrespective of sea- 
son, after the plucking out or clipping of the old hair. 

11. This restoration is accomplished by the outgrowth of new 
hairs, except in case of the vibrissae, which are replaced by the 
elongation of the cut hairs. 

12. Restoration is much more rapid when the hairs are plucked 
out than when merely cut. 

13. The differences in coloration of the old and the new pel- 
ages as seen on opposite sides of the body of adult gambeii are 
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slight, never approaching the differences between individuals 
representing light and dark extremes within the species. 

14. Light appears to be a negligible factor in the development 
of the differential coloration of the dorsal and ventral surfaces. 
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PLATE 1 


EXPLANATION OF FIGUBE8 

4 to 9 show various stages in the postjuvenal moult of P. maniculatus gambeli. 

4 Young in full juvenal pelage. 

5 Showing the growth of the postjuvenal pelage from the lateral line {L. 1) 
upwaidL 

6 Early ^saddle phase.' The lateral areas, as seen in figure 5 have become 
confluent on the dorsal median line. 

7 Late ‘saddle phase,' in which the juvenal pelage still persists on the head 
and back of the neck, and on the rump. The dark strip extending from the 
shoulders posteriorly to the rump is the dorsal median stripe of the postjuvenal 
pelage. The difference between this stripe and the juvenal pelage on the rump 
is not well shown in the figure, though the actual colors are quite unlike. 

8 A later phase showing further decrease in size of the areas of juvenal pelage 
on the head and rump. 

9 Full postjuvenal pelage. 




PLATE 2 


EXPLANATION OF FIGURES 

10 to 14 show various abnormal phases and the precocious appearance of 
postjuvenal pelage, as the result of de.pilation in P. manic ulatus gainbeli. 

10 Showing postjuvenal pelage on the head, also on the rump extending barely 
above the lateral line anteriorly to the forelimbs. 

11 A phase similar to that shown in figure 10, but more nearly symmetrical 
in pattern. 

1*2 Showing the simultaneous occurrence of normal moult on the sides above 
the lateral line and of induced regeneration on the rump. 

13 An ‘island’ of juvenal pelage in the median dorsal region— an inversion 
of the normal process. See pi. 1, fig. 6. 

14 Juvenal pelage on the left side of the body, postjuvenal on the right. 

15 Skin of an adult with new pelage on the left side of the body and the old 
pelage on the right, one month after the operation. 
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INTRODUCTION 

The present study grew out of an attempt to determine the 
function of the digitifonn gland, the developmeiit of which has 
recently been described (Hoskins, 17). This gland is peculiar 
to selachians, being found in no other group of animals, al- 
though in Ghihiaera, there is present in the wall of the posterior 
portion of the intestine a group of cells which may possibly 
correspondT to it (Disselhorst, ’04). 
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Nearly every reasonable function has been ascribed to the 
digitiform gl^d, but usually from morphological or hypothetical 
rather than physiological evidence (Hoskins, ’17). The gland 
is a compoimd tubular structure with a large central lumen or 
duct which empties into the intestine about half way between 
the spiral valve and the cloaca. It is suspended in the mesen- 
tery above the intestine. Cytologically, the gland is not unlike 
the kidney tubules, and this, together with the fact that its 
secretion is discharged into the intestine posterior to the region 
where digestion occurs, leads to the expectation that it has an 
excretory function. The fact that the gland appears to be the 
same in both sexes argues against the probability that it is 
accessory to the sexual apparatus. 

Another part of the work is a study of the fimction of the 
kidney (mesonephros) compared with that of mammals (meta- 
nephros). It is common knowledge that the former is a less 
efficient excretory organ than the latter, but the subject has 
never been completely studied experimentally. A study is 
made also of the excretory function of the liver, which is of 
considerable importance in selachians, on account of the ineffi- 
ciency of the kidney. In selachians the liver undergoes fatty 
metamorphosis to such extent that nearly every cell appears 
filled with fat, yet the organ is able to excrete solutions and 
particles freely and in large amounts. 

Denis (13) has shown that dogfish are able to withstand large 
doses of excretory toxins, but this author did not study the 
problem histologically. The question of vital staining is con- 
sidered here only incidentally and no attempt is made to describe 
completely the reaction of the dogfish to vital stains. These 
substances were used primarily as an aid to the study of the 
excretory function. 

Most of the experiments were performed at the Marine Bio- 
logical Laboratory at Woods’ Hole, Massachusetts, in quarters 
provided us through the kindness of the Department of Zoology 
of Yale University and of Dr. Frank Lillie. The accompan 3 dng 
photomicrographs were made at the Osborn Zoological Labora- 
tory of Yale Univei;^ty. Two experiments were done at the 
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Aquarium in New York. We desire h«re to e3q)res8 our thanks 
to the Zoology Dep^tmeat of Yale UnivCTsity, to Dr, Lillie, 
and to ]>* G* H. Towik^, of the Aquarium, 

AND METHODS 

The animal used in most of the experiments is the dogfish 
Mustelus caais, which is fairly abundMit at Wood’s Hole. In 
the two KjpOTnents performed at the New York Aquarium we 
used Acanthias. In all about seventy-five animals were made 
use of. These were of both sexes and of various sizes, but most 
of them were adult males. 

The study Was divided into three phases; a) the reaction to 
non-toric solutions; h) the reaction to suspended pm^ticles, and, 
c) the reaction to excretory torina The solutions used are 
indigoHjannine, potassium iodide, dextrose, sucrose, pheno- 
sulphonepthalein, and Weed’s potassium ferrocyanide-iron am- 
monium citrate solution. The supensions are carmine, Congo 
red, neutral red, and trypan blue. The toxins are potassium 
chromate, tartaric acid, and uranium nitrate. All were pre- 
pared with sea-water, which is isotonic with the blood of dogfish. 
In preparing Weed’s solution, sea-water, diluted one-third, was 
used. 

Injections were made either into the muscles of the tail and 
bade or intravascukrly. In the latter method the large vessels 
of the pectoral fins were Used. A small wooden peg may be 
used for a hemostat and is very convenient as it can be easily 
removed for repeated injections. Intravascular injections may 
be made, also, directly into the sinuses of the head. 

A simple device for holding the animals during the experi- 
ment may be made from a board 4 inches wide and 2 feet long. 
A long hole is made near one end for the dorsal fins and a row 
of naib driven partly in along each side of the board. The ani- 
mal will be securely held on this if a cord is laced from the nails 
back and forth across its body. A tube of running water in- 
serted into the animal’s mouth will provide for respiration dur- 
ii^ an operation. The entire apparatus with the fish in normal 
position may be immersed in the aquarium if it is necessary that 
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the animal be kept iiiun(rt)ilized. In wllecting urine from an 
immersed animal the receptacle can be sealed tight and weighted 
to keep it under the water. A long ^ass tube leading into it 
will permit the air to excape as the urine accumulates. If a long 
rubber tube is used to connect the cannula wirii the collecting 
bottle the animal can even be permitted to swim about in the 
aquarium while the urine is being collected, Denis (*12) also 
describes a good method for collecting urine. 

The duct of the digitiform gland enters the intestine at a 
peculiar angle^ being completely bent on itself. In order to 
insert a cannula into the duct it is best to reach into the intes- 
tine with a pair of blunt forceps and turn the gut inside out 
through the cloaca. This straightens the duct and a cannula 
can then be introduced directly into it. No anaesthetic is 
required in operations as the animal will lie quietly in the ap- 
paratus described above and seems insensible to pain. Anti- 
septics were also found to be unnecessary in operations. 

EXPERIMENTS 

1. Solutions 

A. Indigo-carmine, 1. An adult male dogfish was injected 
intramuscularly with 5 ce. of 0.5 per cent indigo-carmine. This 
appeared in the urine in fifteen minutes. It did not appear in 
the stomach, spiral-VEdve or digitiform gland contents, at least 
in detectable quantities. The bile was bluer than normal. 

2. He experiment was repeated with a female, and similar 
results obtained. 

3. Two animals, a male and a female, each received 5 cc. of 
the above solution intravenously* It was recovered from the 
urine of each after eight minutes. 

4. A female was injected as in '3^ and permitted to live five 
hours, at which time the luine was still dark blue in color. 

All five of the above-mentioned animals were autopsied at 
various times after injections, varying from a h^-hour to five 
hours. All secretions examined gave the same reactions as in 
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*V Also HI ev^ OMe the witeiw p<fftion of the kidoey aad 
fiverTOiaf a 

ney was dark blue aad a (fosectioa of the liver showed the bile 
duets ^ be colored blue rather than the i^ual greea: The 
o&tr organic Ae bodf cavity not distinctly blue in color. 

Glands were fixed in absolute alcohol^ but the dye soon dis< 
appewed dffier by fading-or going into solution. Sections were 
made and exanuned microscopically, but blue granuks were 
seen ev«i the gross specimens were blue. The dye was 
probably fiapure and hence dissolved out in the alcohol, as was 
found to be irue in some cases by Heidenhain (^83) working with 
(rthfiT wiimals. ^ 

Potamwn iodide. An adult msk fish received 10 cc. of 
a 3 per cent sdution of potassium iodide intravenously. After 
three and a half hours tests were made with nitric acid and 
starch (Hawk, 16), and the iodide was found to be present in 
the urine in the gastric suid intestinal fluids, the bile, and the 
secretion of the digitiform gland. 

C. Dextrose. An adult female fish received intravenously 
15 cc. of 25 per cent dextrose solution. At the end of one hour 
the urine was negative to Benedict -s sugar test (Hawk, 16), 
but was positive after four hours and negative again after nine 
hours. At the latter time the bile gave a positive reaction, but 
the secretion of the di^tiform gland reacted negatively. 

D. Sucrose. The animM received intravenously 15 ec. of 
30 per cent sucrose, and after six and one-half hours was autop- 
sied. The reaction to Benedict's test was positive in the case 
of the urine, bile, and blood serum, but negative with the gastnc 
and ^iral-valve contents. The digitiform gland secretion was 
not tested. 

E. PhenosulphonepiMein (Rowntree and Geraghty, 12). 
1^. One and two-tenths cc. of this pthalein was injected intra- 
muscularly. It appeared in the urine in fourteen minutes. At 
autopsy it was not present in detectable amounts in the stom- 
ach, intestines, or digitiform gland. 

2. An animal received intravenously 1 cc. of pthalein. Au- 
topsy was performed after one hour. At this time the pthalein 
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was present in mine^ Ink/ and In stoxnaeh and spind- 
valve content^. s^i^tion of the dip g^d and an 
extract of the spleen were negative. : 

3. An adult Jsh received 1.4 cc. of pthaiidn. The i^e was 
collected for hveimd a half hours and labile in the gali^bladi^ 
was removed at the end of that time* Iteume, bite, and 
1.4 cc. of pthalein in graduated cylind^ were ea<^ diluted with 
water, acidified and all compaied (Rownte and CJ^ag^ ^12). , 
By this comparison it was shown that appmht^i^y one-half 
of the injected pthalein had be^ levered, and of thtey ab^ 
one^ourth was in the urine and three-fourths in the bile. The 
bile pigments interfere sl^tly with the test. A tece of ptha- 
tein was found in the serum, digitifonn ^and section, and" in 
the stomach and spiral-valve contents. That in the latter two 
may have come from excreted bile. 

4. An adult received 1 ec. of pthatein. A cannula was in- 
serted to collect the urine and the animal was then permitted 
to swim about in the aquarium for four and a half hours in 
order that the excretion might not in any way be interfered with 
by the unnatural position of the animal in the holding apparatus 
that was used in the first three experiments. . In this specimen 
as in the others more pthalein was recovered in the bile than in 
the urine. Rhalein was also found in the spiral valve, but not 
in the stomach. 

F. Weed^s solution (potassium fenbeyanide and iron ammo- 
nium citrate, Weed, ’12). 1. A young male (0.8 kg.) received 
intra muscularly 7.5 cc, of Weed’s solution and was autopsied 
after four hours. The urine and bile gave the Prusaan-blue 
reaction with acid. The serum and the stomach and spiral- 
valve contents were negative to the test. 

2. A young animal (0.5 kg.) received intramusculariy 9 cc. 
of Weed’s solution, followed after five hours by 9 ec., and afi^r 
twenty-two hours by 8 ec. Twenty-five hours after the first 
injection the Prussian-blue ruction was obtained with the 
urine, bile, and serum. The liver turned blue on standing. 

3. A young female (0.5 kg.) received, as above, 10 cc. of the 
solution, followed by 5 cc. after four hours, and 6 cc. af ha* seven 
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Autopsy 

tiDtt. w^ obtained fr^m tbe serum 

and uriiiie, but not ircM the bile, 

were fixed in 20 per eent formal- 
4ii^^ acidified to 1 jp^ cent with hydrec 

^4i Alt adidt (Aewithias) received fou^ hourly injections of 6 
0^ (tf Weed’svsolution; and was autopsied four and a half 
kmrs aft^ &e fin^ dose. Or^ns were fixed in absolute alcohol 
acidified as 

. An adult {Acanthias) received three injections of 9 ec. 
each of Weed^s soldtion at hour intervals and was autopsied 
forty-five minutes after the last injection. Forty per cent for- 
jodddehyde acidified to 1 per cent was used as a fixative. Mi- 
c^O 0 C^^ic ©auninations were made of various organs from the 
animals, '3/ ‘4/ and '5^ with the following results: 

^ ^nd. In all the specimens mmined there is a 

distinctly^blue ione, the width of about one-half the 
radius of the gland as seen in transverse sections. Microscopi- 
cally, the blue ' granules are aim^st entirely within the 
blood-vessels, although a very few are found in the cells of the 
tubules, but none in the lumen. The granules are present in the 
cajHllaries and central venous sinuses in greater concentration 
than in the vessels of any oth^ organ. 

6. Kidney. The gross specimens are dark blue in color. 
Sections show many Prussian-blue granules in the blood-vesSels 
md tubules. A very few only are present in the glomerular 
cavities. They are found in the cytoplasm of both the secretory 
and excretory tubules. Blue granules are found also in the con- 
nective tissue of the kidney. 

c. Liver. The gross specimens are all light blue in color. In 
a few hepatic ^Us blue granules are seen and they are present 
in greater number in the ducts. This indicates either that the 
solution passed directly into the ducts, as was thought to 5e the 
case (rf trypan blue in bony fishes (Wislocki, 17), or else that the 
solution passed through the epithelium quickly and out of the 
ducts more slowly, thus becoming concentrated in the ducts. 
In the liver of animal ^3^ the endothelium and the leucocytes of 
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the hepatic sinuses ha^ a deposit of blue ^?*wmles on or in Hmm* 
This condition, is not seen in other ^^rgans of the^s antooid 
nor in the Kver of x>th«* animals. ^ ^ . v 

d. Spleen. Blue granules are scattered Ihw^i^out to 

among, but not within the cells. ' " ‘ h 

e. Spiral-valve, stomach, gills, and muscle^ All theses takve 

blue granules in the blood-vessels and scatter^ the 

connective tissue, but none wtthih any cdb. free- 

hand sections the epithelium of the stomach and spirai^^te 
spears white, in striking contrast with the tferk blue eonuee- 
tive-tissue. 

Smpenmm 

A, Ccmine, Powdered carmine was used for coarse gsramdes, 
although some of it seems to go into solution in sea-water; It 
will not all settle out on standing, cannot be separated out with 
ordinary filterpaper, and will even pass tirnn^ a ceMdin 
membrane. After passing through eelloidin no granules can be 
seen with the ordinjuy microscope. This may not be in true 
solution, but if hot it is practically so. 

1. Blltered carmine after settling for several days was injected 
intravenously into an adult male dogfish. The animal r^ved 
four daily doses of 12 cc. each and was autopsied eight hours 
aft^ the last injection. Microscopic examination of the various 
organs failed to show the presence of any carmine granules, 
although the spleen appeared distinctly red after fixation. The 
granules were either too small and too mmjh scattered to be 
seen or else the carmine was in solution and washed out m pre- 
paring the sections. The urine was not collected. 

2. Ten adult animals were injected intravenously each with 
10 cc, of a heavy suspension of powdered carmine in sea-water 
and autopsied after various periods as follows: IJ, 21, 24, 
50, and 96 hours. This carmine was not filtered. Pieces of the 
various organs and tissues were fixed in fonnalm, sectioned in 
paraffin, and stained with haenaatoxylin, or examined unstained* 

Urine was collected from several of thft ftnitnals^ jn only 
one specimen of it was any carmine found, and in that but one 
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Tto dam^ of orine also cootwoed a few blood coi^ 
pufetes car3Qake pix)bdbly entered with the blood. 

/Mkrompical examimtion, a. Di^tifonn gland. Cannine 
is^iaies^t ip the^ndothehum an^ leucocytes of the blood-vessels 
ia this gland in m stages, but very little in the first (4 hours), 
aia^ iw in all the sections than in the endothelium of the kid- 
fe«:, ^deen, and In the 21-, 24-, and 50-hour speci- 
th^ is an occasional cannine granule seen in the cyto- 
pliwn <rf the tubules. These’few granules may possibly have 
hem draped into Ike cells in the cutting of the sections and in 
■ any case are too few in number to be of any importance. N<me 
was sem in Ae lumen of the tub^iles. 

* J. Kidney. In the first two stages there is considerable 
amount of free carmine in the capiUari^, much of it in large 
eteps filling the entire vessel, and a few leucocytes and endo- 
th^Uy ceils contain carmine granules. 

In kter stages (21 to 96 hours) there is a gradual,decrease in 
the amoimt of free carmine in the capillaries and there are no 
large masses of it present. There is a decreasing amount seen 
in the leucocytes and endothelium. A few sections have car- 
mme granules in the connective-tissue cells. In only three 
tubules of the hundreds of sections examined are carmine gran- 
ties to be seen in the cytoplasm. These few granules may have 
been carried in, in the preparation, and as in the digitifcm glemd 
are considered to be of no practical significance. Each of two 
tubules of one section contained a granule in the lumen, but 
one also finds blood corpuscles occasionally in the tubules and 
these cannine granules may have entered accidentally. 

c. Liver. Carmine granules are seen in all stages after the 
first, in the leucocytes and endothelial cells of the sinusoids, in 
the hepatic cells, and in the normal pigment accumulations, 
which are very abundant in the liver of the dogfish. , 

Cannine was found in the bile in all stages after the first, as 
j&?ee granules, in cells resembling leucocytes and mixed with 
the normal pigment. # 

d. Spleem Cannine is preset in all the sections of spleen 
examined and in decreasing amounts in later stages (fig. 1). 



110 


In all stages eaimioe may seen as graauleal!^milhe:^^ie^t 
and ingested by the jendcHli^um the 

celk The insert M %are 1 shows an ends^hrfial edl ^ h^ 
exteaded a pseudc^podial process and ^agoi^ 
granule. The figure also i^o\^ m endetbdim eeil 
carmine and apparently about to be liberated as a fire^r^iap^ 
cyte (macrophage?). In many places the ingesled^ W 
seems to be enclosed in vacuoles. ;; 5 v; 

There is a decided increase in the numb^ <rf nfitotip^fi^as 
seen in the spleen beginning, with the 21-hour stag^ iadk^^tit 
leueocytosis. 

e. Spiral-valve and stomach. In these o^ns there B 
occasional phagocyte in the capiUaries that contains 
There is no carmine outside the vessds. ; 

/. G^. The large sinuses which are inteip}sed between the 
branchial arterial arches and the capillaries in. the filaln^^ 
’lined with ^ endothdium which is v^ phagocytic. ThiewiU 
be described in detail under 'Trypan blue.^ In the earlier stages 
the gills were not examined, but sections of later stages (50 and 
90 hours) show the endothdial cdls of the sinus^ to be 
gorged with carmine granules. Many of these cells have ftbo 
been 'budded off^ and lie in the channel as fr^ ptego^es. 
This endothelium is doubtless one of the sources of cimikting 
phagocytes in the dogsfish. 

Even the arterial arches are lined with phagocytic endothelium 
especiahy along the side next to the sinuses. > 

g. Heart. The IJ-hour stage i^ows a few odls of the endo* 
cardium that are phagocytic to carmine. The heart ia other 
stages was not examined. 

k Blood. In all stages the blood contains free carmipe and 
granules mgested by phagocytes. The number of free gwmules 
decreases in the lata* stages. - v 

B, Neutd red. Two soies of experiments woe conducted 
with neutral red and to some extent with (Mfi^ M 

1916 the sample of neutral red u^ seoned ^ form a frue susp^ 
don, as it could all be separated frmn the water with 
filter^aper, ... 
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tt iatiraveiimwly 10 oc. of mspm^m of 

^ swim about in the aquarium. 
^ rime ^6 a^mal was immol^iied, lecdved an addi- 
liiitf l® ee^ and its urine was^ collected f<wp 

w^mUt any of the neutral red spearing in ii Au- 
tepiyv^mei tIm-bUe ^ be reddish brown. This turned otri^ 
and ^ dark lilac with acid. Serum gave a similar 
reacrion, 'but the gastric fluid was negative. The suspensicm 
waaiprep^ by stimng neutral red in sea-water and lowing 
th^ mbriicre to s^e. 

2. An adidt was injected intravenously with 15 cc. of satu- 
ncait^ red suspei^ The urine was ^sollected for six 
hours and was at all times free of the dye. Autopsy showed 
neut^ red in the bile in a considerable amount. 

A fenale received mtovenously, 10 ec. of the neutral red 
suspension and the urine ^ was collected for eight and a half^ 
hours without any of dye appearing in it. As above, it was 
present in the bile. 

® two following experiments were carried out a year later 
riian the with a different sample of neutral red. This 

coidd not all be removed by filtering and part of it even passed 
riffough a celloidin sac, so that it probably was partly in 
s(dution. 

4 Ten cc. of filtered neutral red in sea-water wastinjected 
intravenouriy into an adult fish. Four hours later, examination 
diowed the dye to be in both the bile and urine, but not in the 
stmnach or sphal-valve contents. 

Eght cc. of the dye in the above form was injected intra- 
venously into an adult dogfish. There was 24 cc. of bright red 
urine^ collected in twenty 7 four hours, and at autopsy 2.5 cc of 
redd]^-brov^ bile was removed from the gall-bladder. The 
24 cc. of urine was diluted to 100 cc. with water and the 2.5 cc. 
of b^ to 200 cc. Maximum redness was produced by neutral- 
iring, and the color of the two were then of about the same 
intensity. Thus the total excretion of the dye by the liver was 
* mor^ ttan €%hty times as much as that excreted by the kidney. 
The tot£d amount of dye removed by the liver was not collected 
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because some escaped mth bile into the inteatmoi ; 
red in the urine a^^maaed to be in ^lutipn wh«i: ^nMrie d ^ita^ 
the .microscope, whereafi some^ at least, d that k tib bile ^erafilft 
^nular foi|a. Bdbre the Altered neuM red was 
appemed to have only very minute gramdes, tibob 

in the bile, so that in passing throi^ the Jiver, pemulee 4pe^ 
have collected t(^ether. Denis C12) ioimd the 
litmus, but neutral red excreted in it retained its red c(Edor.^. 

C. Congo red. The Congo red used could eaady 1be ^removed 

by filtration or settling and would not pass thrmi^h a ciioidm 
membrane. ^ / 

. L Two adult dogfish received intaraveamtffify eadh 6 m d 
heavy susp^on of Congo red m sea-wat^, Afte twelve 
hours the urine was still free from the dye, as was the stomach 
and fi^iral-valve contents. A eondd^rable amount was present 
in the bile. - 

2. A young fish (0.!K kg.) received doses of Cimgo red of 12 
cc. and 18 cc., respectively, on two successive d^ and was 
autopsied forty-eight hours after the first mjeotion. The fiv^ 
and spleen were stained deeply with the dye, but the otif 
organs of the body cavity appeared practically normal in color. 
The gills were not examined. A large amount of the dye was 
present in the bile, a small amount in tiie spiral valve^ and a 
trace i%the stomach. The dye in the spiral valve aibr^ with 
the bile probably entirely and that in the stomach pr<Wbly was 
regurgitated from the i^irai-valve. 

D. Trypan blue. Tiypan blue was used |»imarify^^k 

the excretory function. Its action as a vital stain, althou^ 
not exhaustively studied, will be coiasidered also from the data 
we have, because the reaction in selachians seems to be jm some 
ways differmt from that in teleosts as described ree^ly by 
Wislocki (17). A brief review of our results with this; dye has 
been pubMed (Hoskins and Hosldns, 18). 

1. An adult male was injected intravenously mtii ft cc. erf a 
J per cent suspension of filtered trypan bluek sea-water. * Pour 
hours later the animal received 6 cc. more. Frftw ho^ iat^ 
another injection of 6 cc. was made. Autopby was^ j^^ 
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first injectk^v l^ itrme was cammed 
8Q>^1 tipae»4®4 was fr^ ^ tmtil nearly tie time of au- 
ii^^j when a ta^ ^ the red portion (Wisiooki, 17) was pres- 
eaatiK^ The bile eontamed a considerable amount of the whole 
It^aa abd recovered from the but not from the 
stoaawrfr; orapirri-valve ccmtents. The liver and spleen were of 
a id^l^y darker blue color than the other organs, but zdl of the 
otg^ as wdl as the skin and peritoneum appeared slightly 
c^H«d fey 

MIeioswined exam^ were made of the di^tifonn 
glaad, kidney, liver, spleen, spiral valve, stomach, skin, and mus^ 
milaturei AE of these retained their blue color after fixation as * 
seen ffi gTM ^)6dm^8, but blue granules are found under the 
mimK8e<^ definitely, in only the endothelium of the liver and 
spleen. Hie stiun in iiie other organs and tissues is either too 
diffuse to be seen microscopically or else was all free in the blood- 
vessels, mid femce waA^ out in preparing the sections, 

2. A young fish (0.25 kg.) was given four daily intravenous 
injections of Z cc. each of the above-mentioned trypan blue, 
a|d was autopsied five days after the first injection. The dye 
waait found in considerable amount in the bile and serum and 
was also present in the spiral-valve, but not in the stomach 
cmitote. The liver and spleen were very dark blue in color as 
i^re the gills at the base of the filaments. The skin dark 
Wue before fixation, but light blue afterwards. The digitiform 
gland, spiral valve, post valvular intestine, peritoneum, and 
fascia of the ikuBcles were light blue in color, the stomach was 
still fi^teT) and the kidney, except the peritoneal covering and 
connective tissue, was practically normal in color. 

All these organs except the first three were of a lifter shade 
after fixation '^an befm^, owing doubtless to loss of blood which 
obtained trypan blue. 

Miciromjncal emmiiioHon. a. Digitiform ^and. Most of 
the dye is too diffuse to be located microscopically. A few 
leucocytes and endothdfial cells of the capillaries of the paren- 
and s^*Qsa contain blue granules and one cell of a tubule 
contai&b di^t such grmiules in a vacuole, but the amount of 
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the dye detectable in this organ < 

importance. 

b. Kidney. Microscopically, the dye* can bcr 
few leucocytes and endothAl cells of the capittaries; 

c. Liver. Ilie liver ccmtains most of fixed ^paa fefiie# 
the ^tire body. This organ is relativdy large 

every cell in aiarge number of sections eixamk^ 
five to twenty blue granules of different sises (fig. 2); hi {^uses 
the granules appear to be in vacuoles. A rath^ large nmriber^ 
endothelial cells of the sinusoids likewise are seen to cont^^he 
dye. In figure 2 one such is seen nearly reparated from ttie wril 
^of the yessd and so full of stain that the nucleus is barely visile. 
In the liver of the dogfish there is a relatively laz^ amoimt of 
normal pigment both in the sinusoids mui in tieiparenclgana^ 
collected into laige masses. These black 
found in phagwjytes. The large mass shown m a smusoid in 
figure 2 is made up both of this black^^ent and trypan Uue^^ 
granules. These black pigment masses im 
bile normally, and in the present ^periment bo^ black niasges 
and masses of both blue and black granules were seen. Thip 
were found also in the bile m^y blue giandes free: mid in es- 
caped cells which are present also in normal bile. ^All the 
granules shown in figure 2 in the hepatic and endothelial cells 
and in the leucocyte are trypan blue. The mass -at a; is mostly 
normal black pigment. h v ^ 

d. Spleen. A free-hand section of the spleen shoi^ the (fye 
to be scattered uniformly through the tissue. The fi^imen 
was not examined microscopically, but nearly every cdl mdst 
have ingested the dye. 

c. The spiral valve, stomach, postvalvular ^^ion of the 
intestine, muscles, and skin were stiU li^t blue ‘ in 
being embedded in paraffin, but luider the rmcrosec^: definite 
blue granules can be seen in only a few free phagocytes in the 
blood-vessek A freediand tangen&l section of tiie integument , 
was cleared in dl, but the dye present was too tobe nmde 
out after elemring. The p^ent in the melsm(^k(Mf aU 
black and the subeutaneoua vessds were coloi^ss^ 
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aaid the es^illaries in the hlaxnents, as described in the 
c^Daine^ tix^ lined with endothelium very 
blue. The %e is in greater ccmc^ttation 
ft HI my others examined. In some sinuses 

every cell is engorged with the dye. Even in the 
a few d the endothelial ceils contain blue 
l^je^ea. . cells and nuclei have rounded. Many 

aaretawariy detached or are lying free in the sinus ready to move 
wHh ite blood stream as circulating phagocytes. Some of the 
fticmules in the cells seem to be contained in vacuoles, although 
the fa^ k not -shown in the drawing. Most of the granules 
shown are trypan blue, but two cells maiied V contain also 
S(»ne nomal black pigment. In some cells the dye completely 
hides the nuol^, Pracri^ aU the sinuses examined are 
c<»i^deteb^ lin^ with cells filled with trypan blue, but a few 
sftuses are unstained^ # . , 

H ji iew^ celk^ m the capillaries contain blue granules. The 
^theHum covering the filaments does not contain trypan blue, 
akhough some investigators have suggested that the gills may 
excrete other substances besides gas. 


.. , 3. Excretory toxins 

' A. Potasnum chromate. 1. An adult dogfish received intra- 
muscularly ip mg. per kg. body weight of potassium chromate 
in a 1 cent solution. Autopsy was performed after thirty 
hours and when the animal was moribund. 

The kidneys and spiral valve were greatly congested, the 
fttto eontaigmg a bloody fluid. Other organs appeared to be 
normal at autopsy. 

2. Ajx adidt received intramuscularly 75 h^. per kg. body 
weghl of potassium chromate in 1 per cent solution. Autopsy 
was perform^ after twenty-four hours while the animal was 
^tiye. Ihe amount of toxin injected was less than that 
^hi^ Denis (^14) found to be necessary to kill a dogfish. In 
^ds specimen all, the organs appeared normal except the spiral 
viedve and kidney, which were slightly congested. 



116 


S. B. HOSmS AliB M. M. ^ 

3. Four adults were injected intravencHii# 
per kg. body weight of potassium ehrcHuate in dilute 8(dul^ 
to study the effect of suddeii intoxicationu Every 
four died in a short time, varying from a few minutes tOvt^^ 
hours, although they received much less tmcm than is ueeesrary to 
kill them if it injected intramuscularly and absc^t^^ 
In each of them at autopsy the blood was brown and .'gjramulai^ 
in appearance, showing that the erythrocylies had hmi (teitroyed 
and the haemoglobin oxidized by the chrwnate, which is 
monly used oxidizing reagent. , t / 

Micrompical eminimtion. a. Digitiform ^nd. This (nr» 
gan in animal is severely congested (fig. 10), but there is 
no great increase in the relative number of leucocytes. The 
central venous sinuses are greatly distended with blood.,. At 
the periphery most of the tubules have undergone vacuolar 
(hydropic) degeneration (figs. 11, 12, 13), which in some places 
is complete. Here the epithelial cell# are cytdys^ and the 
nuclei shrunken and daikly stained , and in some cases - are 
pyknptic. A few nuclei, on the other hand, are sw<dlen imd 
hypochromatic. 

The area of extreme degeneration is about one-twelfth as wide 
as the radius of the gland. In a narrow strip, internal to this 
area, there is a gradual transitimi to normal condition^ Ae cdls 
exhibiting varying degrees of cytolysis a«d pyknosis or karyol- 
ysis. Scattered throu^ the remainder of the gland aro indi- 
vidual tubules showing mild cdjiular degeneration. It should 
be noted that in normal animals a few cells occasionally are 
degenerate, probably from cell inanition, (a term applied by 
Jackson (16) in a study of the thyroid). 

Cellular debris containing degenerated nuclei may be seen in 
some tubules and in the central lumen of the gland. 

The erythrocytes in the digitiform artery appear normal, but 
in the central sinuses all appear granular and some are com- 
pletely broken down. 

2. The digitifonn gland in the second animal was not< injur^ 
by the potassium chromate. 



ifo . 117 


^m tile ftrst^ twd anioials is severely 
r &e (Hated in the glomeruli and 'among, 
signs of degeneration. The 
d, but are probably somewhat injured, 
ei {%. 6) are either hypocjhrpmatic or hyper- 
vacuole is seen in the capsule. 

are seen in the tubules of 
type in the second animal. These two^ 
ty^ "W n&y and hydropic (vacuolar), and of 

theiE^^to 

The ii^ular degen^t^^^ process occurs as follows: First the 
cytoplasm loses its network appearance (fig. 7) in which the 
granule a^ vety ^nall and brightly stained with eosin. The 
gr^ules b^me dull and adjacent cell walls disappW and 
finidly the cyt(^la8to bn^ks through into the lumen. At the 
siuhe'time the enthe tubule^may shrink in places and pull away 
frto^ itsr" connective-tissue capsule. The d^enerated mass of 


cyt^lasm^ may spread and lose all shape (fig. 9). While these 
p^tic^is^ are occurring the nuclei are degenerating in the follow- 
ing maimer. iVfost of them shrink, becoming hyperehrdmatic, 
and igtain poorly. The chromatin may become merely a dull 
maas (fig. 8). The nuclm may shrink to nearly invisible size. 
In ^me tubules the nuclei degenerate differently. These grad- 
ually swdl, becoming hypochromatic, and then undergo com- 
plete karyolysfe. Both kinds may be seen in the same tubule. 

The hydro{»c type of cellular degeneration is that in which 
vacuoles appear 'in the cells which, gradually undergo cytolysis. 
The cytoplasrik at first undergoes slight granular degeneration. 
In these ceDs nuclei may undergo either hyperchromatosis 
or^ kar^lyris.'^ Theie is lekti^^^ little hydropic d^eneration 
present in the'-chromate nephritis and it will be described later. 

B^sttsCiion of epithelium is largely confined to the thick- 
walfed se^tory tubules of tbe posterior region of the kidney, 
wheiie nearly civery such tubule shows signs of degeneration. 

increase in the number of leucocyi-es present 
in th&^d^gaieiat^^ areas. 
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2. The kidney of the eecodd animal vm mUefe 
injured than jn the first, as was to be ei|)eoted d^i^ 
smaller dose and was autoj^ied mmi - ' , ^ ^ 
The glomeruli are seen to^ be very sli^tfy injn^ 
denced by thdt hyperchromatic and hypt^iroinatie 
considerable number of secret(»y tubule show the 
eitha* granrriar or hydropic deaerations Aainml *2* rfK)we in 
* 20 per cent of the tubules in the posterior part of the Mduey a 
third type of nephritis that may be called iQraline. It is not 
seen in the kidney of the first animal. In this type tb^fis a 
gradual accumulation in the ceUs of droplets of aN^t hmnO- 
geneous substance which stains readily with eosin. In extreme 
cases the tubule is completely changed into a mere xnass cl tbw 
droplets. The nuclei may appear normal dr hyp^lmomatie. 
The hyaline degeneration will be described later; > , .u; i ■ ■ 

e. Liver. There is.no serious degeneration in the first -^limal 
and almost none at all in the second* In the former a number 
of nuclei are hyperchromatic and in places the cyiopl^ staixks 
poorly. There is a slight congestion in both spedme^ SSie 
ducts and gall'biadder are uninjured. ^ 

d. Spleen. The sple® was examined microscopically in the 
first animal only. It is congested, the capillaries mid sinases 
being somewhat dilated. I^ey contain eiythrooytes which 
appear to be degenerated. In these the nuclei are darisdy stained 
and the haemoglobin appears granular. Some eiythrocytes are 
entirely broken down and are ^own mily as nuclei sunounded 
by a few granules. The splenic cells proper tmd endo&dium 
are intact but some stain poorly. < -n ; 

c. Spiral valve (figs. 14 and 15). The spiral valve shows sim*' 
ilar, changes in both animals, but the injury in tihe second k 
less severe than in the other. v; 


Both are greatly congested and oedenu^ous. The. surface 
epitl^um has complete)^ desquamated in 1^^ patdms, 
cially where it is most exposed, on the f<dds of thejnuoosa (fig* 
16). . The surface epitheUum ren^tining stains poorly, 

A few cells are cytolysed. The epithelium m tilie 



(aq^ fe n«^|;iK)mdm app^»an The eiythrocyt^ in the 
animal sho^ eonaderable injmy, but 

tli^ in ife iwcmd d^ 

IRbe fitemaah is not seriously injured in the first 
%t all in the second. In the former there is 
fiIi|^t :CGi®^oD, the surface epithelium contains a few hyper- 
chimnatic and a few hypochimnatic nuclei and the deepest 
glands show slight cytolysis in a few cells. 

p. Blood* As indicated above, severe injury to erythroc 3 rtes 
is doiCte with potasrium chromate. In some of the vessels of 
every organ examined there are degenerated red blood-cells, 
dthou^ in other vessels the cells are normal in appearance. 
The mjury isgreatest.ln congested areas where the flow of blood 
was int^^fcd with. Intravenous injections of potassium chro- 
mate Jakes the blood rather quioMy. 

An* adult male received intramuscularly 
100 n^g. per kg. body weight of tartaric acid and was autopsied 
after thirty houm wha[i it was moribund* All of the o^^ans 
appeared normal except the spleen, which was pale, . , 
Microscopical examinoHon. a. Digitiform gland. This or- 
gan is severely congested, but except for a very slight cytolysis 
and hypoehroinatosis near the periphery there is evidently no 
injdry to the tubules. ’ . 

h, "Kidney. Nephritis in all regions of the kidney is very 
sevTO. Congestion is marked. The glomeruli are not particu- 
lar^ affected, but have hyperchromatic nuclei. In some trans- 
verse sectiwjs of the posterior part of the kidney fully 90 per cent 
of the secretory tubules and many of the excretory tubules show 
signs <rf d^en^tion, ranging from mild changes to complete 
destoUaon (fig 17). ^ 

All three types of nephritis are present, but the granular 
varied (%; 19) predominates. Qranular nephritis is much the 
same as tl^t described in chromate nephritis (see figs. 8, 9, 18, 
19^ and %).. The destruction in the case of the tartaric acid 
is mcsre eompfete (%. 20), and in additf^ there is 
presi^ ia the surtouuding tissue a vety ccmsiderable numb^ of 

and nuclei of different 
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giaes. These gr^utes stain more 
S<mie of cells n^t posably be T 
but most of thm have nucid resembling S 
thelial phagocytes. These cells were fotrf i 
meat* In places ev^ the connective i 

are injured. 

Hyiopic degeneration is confined largely to^ the 
walled (collecting) tubules, as may be seen frcma a^xip^ui 
of figure 17. In some of these tubules the cdl ou|toe^ i^^^ 
distinct and the nucleus nearly normal in appearaiice, but 
bit of cytoplasm has dissolved out. In other tubules the nucM 
are shrunken and darkly stained and the cell's walls a^ mdis* 
tinguishable. Only a few of the secretory tubules contain 


vacuoles. / \ ^ . 

Hyaline degeneration is confined entirely to the s^etoy 
tubules. In this type the hyaline substance first apj^ars in 
ver 3 ^ small droplets near the nucleus. I^e small black dots in 
the cytoplasm in figure 17 are of this hyaline substoce.^ 
hyaline droplets gradually increase in size and number (fig. ^1). 
They finally break through into the lumen of the tubdei Bor- 
ing the process the nuclei may shrink and become h 3 rperchro- 
matic or swell and become hypochromatic, but th^ are not so 
severely injured as in granule degeneration. 

c. Liver. The liver is not greatly congested. The tubules 
contain more debris than usual and both hypochrozhatic ^^d 
hyperchromatic nuclei are rather numerous. In the are 
many cells with eosinophilic granules like those seen fe to kid- 
ney, but in smaller number. 

d. Spleen. The spleen itself is uninjured, but centals masy 
of^e eosinophilic cells noted above and also a c<msSderaMe 
nund)». of degenerate erythrocytes and free nucM. There are 
also a few peculiarly shaped nuclei which will be described 
bdow. 

c. Spiral valve. The injury done to the ^iml yaRre by the 
tartaric acfd is about as exh^ve as in the 
chwstaate. Both ki^orrberis and pykr^fe^ 

^ith^um^ In the' lamina ppi^ria of tite mmm te 
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8 r jiWKJocyte. In miiom ot the spiral 

m secftHis of a nonnalspiral valve the 
ar^J 4 ^jepith€& cdls of the i(mn&c wluch appear 
st^cture stains much le^ darkly with 
I that of the normal tissue, 

. is in about the same condition as 

^)ecimen. There are present in the blood- 
lainijm pK)pria numerous eosinophilie leucocytes. 

C. niMe. 1 . An adult received intramuscularly 

^15^* p® body wei^t of uranium nitrate in 1 per cent solu- 
tick, It lived forty-four hours and was then autopsied at once. 
Tiie spiral; v^dve was greatly congested, but the other organs 
appeajred normal 

2i A male of 1 kg. received 100 mg. of uranium nitrate as 
abo^e. Respiration ceased after two hours, but was restored by 
an of artificial respiration produced by inserting a tube of 
runn^ water into the animal's mouth. The fish died after 
twenty-eight and a half hours and was immediately autopsied. 
Tlto«i»al valveeonfained bloody fluid and its mucosa was Con- 
go^. A few small ‘ hemorrhages appeared in the kidney. 
No other abnormalities were not^. 

3 . An adult of 1 kg. received intramuscularly 100 mg, of 
urahimn nitrate. A cannula was inserted into the bile duct to 
prevent any toxin that mi^t be in the bile from reaching the 
sj^ral valve. After five hours the urine was tested and found to 
(Hmiain uraniifin nitrate. The next morning the animal received 
an additional 90 mg. of the toxin. At 8 p.m. it was still active, 
but died in the early morning, about forty hours after the first 
inj^tion. Tte body was not yet rigid at 8 a.m., so tissues 
were fixed fol microscopical examination, as few postmortem 
had had time to occur. This was confirmed by the 
nu<^ccpeal jexamination^ The kidneys were congested, but 
other orpns appeared noiinal. 

4 ; Eight do^sh of various sizes were injeetfed with 100 mg. to 
200 • mg., kg. body weight, of uranium nitrate,! A cannula 
W^ifitoted mto the bile duct to protect the spiral valve from 
1!^ The urine was collected. Uranium nitrate 
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w«8 fmoul in the lorine^lnit 
iam whether ^ not tile tosm was preset - 
receivmg 200 mg. of the toxin in two equal daily (fa^ 
for eighty hours, the otiiets dying in shc^ tiw 
while still living were noticed to have a I 
the cloaca. Autopsy diow^ that in all 
valve was greatly congested and its muo<^ ^ 
stomach and the postvalvular portion ol miei^h^ app^llD^ 
to be uninjured. 

Micromyped emmiryj^. Sectiems el the various <^pBins^ 
of the first three animals described above, were ^ exammed 
microscopically. ^ 

a. Di^tiform gland. In all specimens there is jmisid^ble 
congestion and slight cytolysis at the penph^ and se^^ 
through the gland, caused either directiy by the tmdn or by its 
interference with the blood supply, or from botii 
injury was not very severe in any (»se. 

k Kidney. The Iddney in every case -is greatly congested,' 
especially in the posterior region. The giomendi are mdi^my 
seriously injured in these specanens, but m most of them the 
oapiljaries are dilated and the nuclei of the capsule are hyper- 
chromatic and shrunken. 

Injury to the tubules is confined largely to the s 0 cret<uy 
tubules of the posterior portion of the gland (figs. 22, 24^:25). 
In the third animal the changes are most severe, due ritimr to 
the fact that it received mm tmdn than ti^e first tw^lantoab, or 
else to postmort™ changes, or to both m»ons. hi tie third 
animal nearly every tubule in the posterim' r^on is degteated 
and some have completely (Usappeared. All typ^ of 
degenKration are seen, but tiie granular type 
Both hyperchromatization and ^hypochrpmatiiation of the 
nuclri are evident. In the f<^er the nucleus paduafiy shrinks^ 
until it finally disappears (fig. 23). In^.the Wta the nurfw 
absorbs water and swells oftai to two or three times the 
diameter, % chromatin padually disappearing until thenpeieue 
looks like a ring. In the third specimei almpst; 
has changed from the norm^ oval to the spherical 



tliw tov^e 8uffmd chrosoate changeSv Tie blood- 
d ^ amnud contain a large amount d 

j 9xe pmmi in &e blood-vessels of 

tibrdffsi^ted regi<m of of a v^ 

id^ ^)i This may indicate an attempt at 
asQikH»s 1^ fjii^^ocytes One 

oanpot make out any ejfloplasm, so that if a cell wall is pres^ 
it is tightly adherent to the nucleus. On the whole, the kidney 
is injured in the uranium series than in Ihe chro- 

DMdfe or^ taftec. However, the size of the dose of the toxin 
and the time dement A:e probably the most important factors 
in the^ount of produced. 

In th6 anterior region the tubules show no signs of degenera- 
tkm in some seotibns, and very few in any. 'Ihe congestion is 
mild as emnpared with that in the posterior region. A few 
tubules stain poorly and their cytoplasm is quite granular. 

The liver and gall-bladder practically uninjured 
ev^^in the third animal. In all sections a few nuclei of the 
hepatic cells and ducts are hyperehromatic and shrunken, but 
net Ih mcfl« than^ cent at most. In the third animal 
(which received a large dose and which died before autopsy) 
the duefe contain considerable debris, and a few of their cells 
are^iy ^gh% cytolysed. 

d. ^^feen. The spleen is congested in ev^ specimen. The 
sinuses are contain granular debris, which probably 

has coi^ in from the kidney. The endothelial cells of the 
sini^M:CO&tain< these granules and their nuclei are often swollen 
and hj^o^mni^tic. In the first animal (fig. 27) there are many 
pect^r-shaped nuclei which resemble those se^ in the kidney 
and gi&. S<^ d these at least are endothelial in origin, as 
th^ ^ be seen m the cells lining sinuses. They may 
represent abnemnai ami|osis. Many mitotic figures can be seen 
in ^ of this animal, although they are fewer than when 
cmate was inject. The i^lenic cells proper ale not par- 
ticiili# m appearance, although a few have hypo* 

chibiiii^ hucl^ 
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er ^M-valve. In tiie first ^ aniin^ 

(presumably eontainmg the toxin) was afiowei 
spiral valve i^owed approsdmately the 
injury as in the chromate Mid tart^ 
third animal in which the bile was kept Out of Siir kleasiee 
injury is less extensive than in the ot^^ 
some coi^^ion of the mucosa and its^eiBH^ 

epithelium. This was true also of othd*^a®imals which we*lpot 
examined microscopically; as stated above (4). " ; 

/. Stomach. The stomach m the first two animals rcs^mMes 
that in the chromate experim^ts. In the thiid^ 
practically normal, and the very few al#ratim» observed mj^t 
be postmortem in origin; or the result of vasculM' injury which 
causes cell inanition. . ^ ^ v- 

g. Postvalvular intestine. That porticm <rf the Me 
posterior to the spiral valve was examined mieitjecoiacalfy^^^m^ 
second animal, and is entirely normal in appearance, ^dihbugh 
the spiral Valve wl^ch pmpties into it is seriously injured; Its 
epithelium is stratified while that of ^ spM vidve k simpte 
columnar. 

k Gills. The gills of the first animal were 'exammed and 
show some signs of injury. In the sinu^s at the bai^ of the 
filaments the endothelial cfells have rounded as th^ do when 
granules are injected,. Here are le^ many peculiar muclei 
(fig. 27) such as were seen in the spleen and kidney, smiae of 
which may be found protruding from the endoA^um.^^^' '!^ 
endothelial cells in places are full of dull granules wMrii have 
come oripnally from the blood, or else are formed in th^cdlaby 
degeneration. ' Many free cells are to be found in the sinuses, 
indicating a proliferation of the endothelium. 


DlSClJSSIOIf 

L Z>^yorm 

The digitiform gland reacted ^ewhat as an 
but it is hot very efileient as such. ; In this it resembk^ 
kidney. Its normal secretion collected from three adulfe 





«i^ liour% or tlie rate of 1 ce. a day, 
rjp dy$al^ It is olear, but contams 

: Jhe amount of this excretion is not copious, but 
produced by both kidneys is only a little over 
twi^^ hours. Skce the size of the digitiform 
Im than one^twentieth of that of the kidneys, its 
k relative^ greater than the mount of urine given off. 
aisdord {-99} Obtained urea from the digitiform gland and sug- 
^ted the posability of excretory function for this organ, 
r^arded it as an accessory sex gland, and Blanchard 
(’^) at^;ed that it is ]K>tentially able to aid digestion because an 
retract (d it splits starch and emulsifies fat. An extract is, how- 
ever, not the same thing as a secretion and hence Blanchard^s 
conclusion may not be correct. It shokd be borne in mind that 
tiie, product from the gland is discharged into the intestine just 
ah^^ve the cloaca at a place where digestion has doubtless ceased. 
_ CI6) thought that the digitiform gland has an internal 


se(»eto which causes the intestine^ to contract, thus aiding in 
the passage substances through the ^t, because he found 
that passage of food tllrough the intestine was checked by es^tir- 
pati<m of the gland and restored by the injection of an extract of 
it. One must consider that the interference with the passage of 
•food ia these ^qperiments may have been but a temporary dis- 
turbance frmn the oper^on, that would have disappeared later. 
Afea, as stated above a glandular ^tract is not the same thing 
as a n<mal s^retion of the gland; 

O^dmy (^^17) bdieves that mine is exerded by glomeruli 
; and not by^Ae tmsi tubules. H the secretion of the digiti- 
iorm gtand fe a trub excretion, then the renal tubules may also 
be aWe to ^rete, in which case, Cushny’s theory is incorrect. 

We were able to recover in the excretion from the digitiform 
gland after injection into the animal two solutions, namely, 
potai^um iodide and pthalein; but not any of the others used. 
Ble other solutions^^ ^ present were .too dilute to be demon- 
Weed*s solution passed into the cells of the tubules, 
4 aa dhovm ^ microscopically, only in small amounts, aithou^ it 
^ the blood-vessels in relatively concentrated form. 
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Particuhte matter iskm into the tub^ 
form gland, exe^t for an oeeadoiud aamiltti; mrwn 
particles are am^. In this tlie ^and lea^^es tbi 
ney, so the Mure to take in granules does not aifde^^ ajjainii: 
possible excretory function. - r : 

Excretory toxins caused cong^on in i^i 'eaaesy hu^ 

(me a nimal receiving potassium chromate ^ injury to the 
tubules very severe. Morgera ('16) <d>Mied of 

tubules by cutting off the blood supply, md the congestion not^ 
in our animals may account in this way for som d the 
eration noticed. One finds oecasi<maI cyt^ysed cdU in 
digitiform gland of normal animals. lie questimi erf ceflidm* 
inanition must be considered in all experimental d^n^tkm 
of tissues produced by a4mini6tered toxins. Ihe toxins we 
certainly were injurious to eiythrocytes, and this togeth^^^^ 
int^erence with blood supply in cong^ed x^rgai^ must d^pri 
the cells of needed substances. However, we believe titet a 
part of the injury seen w^ caused by the toxins vriiich the 
^and was tr]^ to excrete. 


B, Kidney 

The kidney (mesonephros) of the deafish is of ^ar toss 
tauce tp the animal than the kidney (metanephros) of mammals, 
as has been noted previously. Denis ('12) found that adujte 
produce an average of only 21,7 cc. of urine a day, and in piff 
esperiments the greatest amount of urine obtained wa8^.|j|.v 
in twenty four hours, fixp an animal weighing 
kg. The urea in the urine amounts to 0.6 to hi per c« 
less than half the concentration of that in the blood (Bpgllpni,^ 
^06) ^d less than half that in mammaliaTi urine. 'Ihk .dijfei^ 
ence is made up partly at least by a considerable amount ^ urpg* 
excre^ in the bile. The great concentration of 
blood sems to be necess^ to preserve life, fot Baglioni f05)r: 
found that isotonic (3.5 per p^) salt solutioa withpot ui^ 
unsatisfactpiy for perfusion experiments. This .requiieni^ii 
does not account for the small ampunt of urea ns h^| 
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be^a {itg^i 0 df am eqdiibju!!i baying be^ estaUished^ all 
vsm Imid !f oubl need (lo be diioinated. Heaee if theie is 
it is beeanse rdatiyeljr Ik^e is foimed. The 
IMlelv t^^ urea in Ibe urine is dependent upon the 
ibetebcAatn, wl^ must i»roceed at a slow rate in these forms, 
lUid ^dso np&a Ae aimount of urea excreted in the bile. 

1917 Herter Lectures in New York, stated 
tb^ tiie j^achiam^ ^r^^ the sea when its salt concentration 
was lesa &a& it now is and that as the sea became concentrated 
the adkichia)^ retained more and more urea in the blood to 
ke^ it with the sea<water. 

fWe fbimd the doghdb kidney is able to excrete injected 
sdutkms qmte as rapndly as the mammalian kidney and hence 
thoinefficfeiicy of the forma* is not one of rate of excretion, but 
of amount and <rf inability to eliminate certain kinds of sub- 
stat^r Non^toxio solutions of all Idnds when injected into the 
musd^ d the body wall appeared in the urine in fourteen or 
fifteen minuteS) and when injected intravenously appeared in 
the urine in about eight minutes. In this rate the dogfish com- 
pares favorably with mammals (Rowntree and Geraghty, T2). 
Ihe dogfish kidney would probably eliminate all of an injected 
solution in time, if it were not for the fact that the liver quickly 
diteinlteS tile larger part of it. The liver is many times larger 
thbtt the kidneys and *has taken over much of the excretory 
fun^kft). As noted above, when pheno^sulphonepthalein was 
injected, till liver excreted in a given time more than twice as 
much hf it as* did the kidneys, and in concentration many times 
greater. Bolrever, the difference in amount excreted by the 
two otgimfl wis less than the rdative difference in size by which 
tholiyer 

stained the posterior part of the kidney 
more intensely than the anterior end, thus demonstratii^ the 
fai^ tiiat in the fmrmertbe excretory function is better devel<a)ed 
thfin m tile anterior or sexual (I'elix, *12) end. The anterior 
regiOSi abW to exa'ete some part of solutions injected, so it is 
dev^d of excretory function, as some investigators, 
hive bdieved. Thfe point should be studied further. The 
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ability of the oitie to reduce oopp^ aft|r^9^^ 

been iBjeoted dmonstmtes that the e^^chi^ 
sugar as. marmaals do 

The dogfish kidney was not skihed vitally 
pensions of various dy^, since they were not 
blood by the kidney, at least up to five 
administered in very condderable amounts/ 
difference in this respect between the reaction to y^ 
particles (trypan blue) or coarse granules 
One sample of neutral red passed throu^ the kidnoy one 
did not do so. The first probably formed a true soluticm; 
tention of investigators should be called to the fact that 
differences they obtain in the use of vital dyes in eiperp^ts 
may well be due to diffomces in the manufacture of these 
substances. Colloidal dyes, if impure, may be soIid>le* . 

The inability of the kidney of dogfi^ to rmove particulate 
matter from the blood is anothm* differ^ce between orgsm 
and the kidney of higher animals, as shown in tlfe very nume^ 
ous experiments of Chrzonszczew^ (^64), SiebS f 86), Schmidt 
(^91), Muscatello C95), Buxton and Toney (W), Suzuki (’12)^ 
H6ber (T4), Kiyono (’14), Evans-Schuleman (’14), Downey 
(’17), and many others. . 

In higher ani m a l s the renal epithelium andp scm^etimea 
cavity of Ihe glomerulus may be serai to contain particks that 
have been injected^ but in the dpg^, if such nlattra^ is ipresrait 
in the kidney parenchyma or it is muclf too 

to be detected in our prep^ticms. Hie only dye wSij^ really 
stained the kidneys in our animals was indigo^-caiyii^' a 
this a]q)eared to be in solution^^ Fresh kidn^ tis^ 
examined microscopically in the toypan bhie exp^ihnents, 
it protebly contained the pink substance that WModri nofed 
in tdepsts, as the urine was pink. 

Tj^e endothelium of toe rei^ cajHllaries m ^ doj^sh Is )but 
poorly able to ingest particuyte matter from toe blo^ a^ 
pared with that of toe ren^ portal vessds of tdeostej as 
^by Y?isk)cki (’17). WMocki found that toisendothehumbto^ 
blue from ingested dye after injections of t^rj^ blue, whlteln W 



iK;fE<^OKs 


m 


ai^xoals # <xiy m occasioml (me d ti^ese c^Ils 

was 4¥^ to ttte ia visible amounts of (limine or tiypan blue. 

^ter a greats lengA of time tUs ^(ioth^tim 
as does tbat of tdeosts toieM trypan 
febie. found a sm^ amount of dye in the epithe- 

Hiihi of the kidney in tdeosts. This he believed might have 
bi^ Te^bed from the urine. Previous investigators have 
iwth Im 17). He also implies that tiie 

^otlieSum of the vessels in the kidney developed from the 
aprtft% hot able to take in and stee tryp^ tilue, but it is 
difecult in microscopical sections to distinguish the efferent 
^omesrular vessels frmn renal-portal vessels. 

Wido^ sugg^ts thr^ possible functions of the renal-portal 
endothdium in the kidney which he calls a mechanism. The 
first function is to prevent loss of colloidal metabolites, thus 
a^imuhtmg for the relatively low output of nitrogen in fish 
urihe, but the real reason for this is probably in the slow rate of 
metaboBsm in fish and a large output of nitrogen in the bile. 
The second function Wislocki attributes to the renad-portal 
endothdium is to protect the animal from toxic substances, but 
in an HTtiina l not being experimented on, any toxic substances 
present would more likely be in solution than in suspension, and 
scdutfens pass freely through the kidney. The third function 
referred to i| a resorption of substances from the urine, but the 
imto to ftypan btae does not prove any such function, as it 
h^ not be^ diown that in these experiments the endothelium 
in question absorbed dye in this way. The possibility of such 
rwiption (rf dyes has been considered previously, as noted 
ifcove. , jflllhat Wislocki^s experim^ts actually prove is that 
^ emloth^am of the renal vessels is phagocytic, not very 
pdineable, if permeable at all, to particulate matter. 

■^Tho liver excretes particles jfreely, but whether such function 
£^ed to de^op in kidney because of this fact or whether 
d the kidney to excrete particulate matter forced 
S lyii to-5devd(^ the function cannot be determined. Nor- 
‘ ^ly ^ pftTtkW in the ftirctiktion which are to be eliminated are 
Me jHgments which of course need not go into the urine* 
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Tlie effects <rf emctoiy the Mdifey ia 

someiwhat tiie ^ame as in mammals, as dei»!iibed by 
P08, 11), Schlayer*Taka^u (W), Susuki (12), PcAt: 
DiAson (12), Qiristian-O^Hare (13), 

(14), Potter-Bell (15), Tribe-Hopfctos^B^oft 
various others 'who administered potassium t^^ 

add} and uranium nitrate. Denis (13) noted thai do^sh can 
withstand many times, as much potassiunf Airoafce and 
nium nitrate as will kill a mammal, and we can add tartaric 
acid to the list. One of our fish which recdved 20(1 mg. per fcg. 
body weight of uranium nitrate lived for eighty hours. In 
extreme cases the dc^sh kidney shows nearly complete destruc^ 
tion of the tubules by these poisons. The blood-vessels tufually 
are not noticeably injured, but severe 
glomeruli, as in mammals, are injured only slightly when at all 
Three distinct types of degenerative processes in the tubules are 
produced by all three of the toxiim used. #The d^[Kdt^^^tf 
substance in renal tubules in mammals after injection tartaric 
add was noted by Underhill-BIaltewiek, and Chiistm-O^Har^ 
found it in blood-vessels after urmunfe poiscming. Granular - 
degeneration is probably a constant type in sudi experi- 
ments, and hydropic degeneration usudly but not alwa^ occum 
with it. In our specimens there is some vacuoli2«#m In .the 
cdls showing the former type of degeneration, but sooie pel^ 
undergo cytolysis without first p^dng through granular ehaiiie, 
The reason for these three different kinds of de^mth)n h not 
apimnt. AU three types were present in the ime m 
some of , the experiments and often two could be se^ in a:d!^ 
tubule. /They are not simifiy different steps in one and the ^ 
process aa a study of the accompanying figure® Easily shows. 
In the hyaline type a definite new substan^ is iomed. iTtee 
are two distinct typ^ nuclear degeneraricmi m axperi^ 
ments with nephritis and they are exactly oppoate in natnte. 
In m& t^ t^ nucleus Absorbs wat^, swelb tp two ci rimm: 
times its n(»mal si^' and tke nuclear aubst^Dcai 

and shrmks umtU it comifietdy diBa^>eara.^,^^ T^ 
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timas luid the nueieus relains a i^ukr oul&e, 
ixt olh^ loes of kacp^pla^ is suddea and the Qudear 

maMpae oohapses aud is th^firF^;Qkir. Both types of nu- 
deaf r are hnmd in al the spe(mnens examined and 

both t#y ooctn* in Ae same tubule. 

The - celMar ehanges wMch one obs^ves in nephritis are 
d^btleaa due'td ceholar inanition as well as to poisoning of the 
Jadmon fl6) has d^ieribed some qf these changes in the 
thyrokLof^ starred rats. Congestion of the organs, and injury 
(M^/deataruerion of erythroc 3 rteB interferes with the general metab- 
diUn the cells, thus bringing about inanition changes. 

Differences in the jffocess of degeneration in diff^^t cells 
and nucM> m nepluitic kidneys may be influenced by their 
sudden or their dow death. 

S, Liver 

€he "fiver of selacW and probably of other fish is a very 
important ex^tory o^an, although PiHet (W) stated that its 
bfliaiy function is not well developed. Denis (^13) stated that 
the liver of dogfish apparently has an excretory function, but 
did not give any reasons for the belief. The liver, like the otha* 
oirgans of selachii contains a large amount of urea (Staedler- 
V. Schroeder (^90) stated that this amounts to 
1.86 per cent? of the entire liver substance. Heidenhain (^83) 
found urea ini^ bile of selachians, Hammersten ('97) stated 
that it occuri there , in large amounts, and Van Slyke-WTiite 
('ll) determined the concentration of urea in the bile to be 1.7 
per cent. is greater than that in the urine (Baglioni, '06), 

amf tm»e half as great as that in the blood (2.6 per cent, 

ViBehroederi j^). ‘ 

M the noirftwc solutions we injected were recovered in the 
bis^ (piantitarive determination of the relative amount of an 
sdution ^thaldn) mreted^^ b showed that 

tl^ ivas pie^ the pll-bladder five and a half hours aftef 
rimes as much pthalein as had been ex<jreted in 
Smne pth^^ had escaped wiih bile into the intes- 
te and snme te stiff present in bile ducts. In mammak 
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the kidneys normally exerele : ^ 

in four hours pd very Uftle appears fc 
tree and Gera^ty, 12). In m^mmais^^Ui 
or with their rm! veins ligated, it^ 
the liver (Underhill-Blatherwick, 14). 

Ail of the injected granular dyes appeared m the r^e iti con- 
siderable concentration, and were not excreted by any 
other than the liver, so far as debfermined. Sicbd bidiev^ 
that frc^s and dogs receiving injections of carmine exim&t^ 
such particles through the liv^, lungs, ^d t(Hisil^ and Siyono 
(14) and numerous other investigators have found that inamr 
mals excrete lithium carmine the kidney. B: ; ^ 

In our experiinents one sample of neutral red speared aftw 
injection in both the urine and bile, but its eonc^tration in the 
latter was more than eighty times as great as in the former. It 
is believed that some of this neutral red was in solution and that 
it was this part which passed through the kidney. The liver was 
able to excrete the dye both in the dissolved and in the granular 
fonji. Another sample of neutral red was excreted only in the 
bile. 

Trypan blue after injection into dogM collects in tlie hepatic 
parenchyma and the cells lining the sinusoids. Wislocki (17) 
noted this also. It is excreted freely into the bite. In bony 
fehes Wislocki found that trypan blue entered the Me, but 
was not stored in the liver c^. He thought that it diffused 
directly into the' bile ducts fiom the blood-veeeds but more 
probably it passed through the liver cells too difftl6% to be 
seal under the microscope. ■ . v, v 

In the dogfish there is present normally in the liver and. Me 
a veiy large amount of bile pigment (Fillet, W) and afte hijec- 
tion (rf trypan blue some of the masses of pigment seei^ in sec- 
tions d the liver contain bolh trypan blue giamdes aiuIimxnM 
pigm^t mixed t<gether. These mass^ of miSed lagm^ My 
be seen in the bUe also, thus showing that the exci^on cl 
tieulate matter by the liver te a n(»nud funotum aitd 
merely to condittEm 

krcli&ed to Overlook the fact that results th^ 



^ because ihm experiments ^ 
conditions. 

usually caused ocmgestion of the livery l^ut 
mi seiipus ipjury to the parenchyma. We did not piove a^ 
hitd^ the toxins pas^ throi^ tiie liver into the bile, but 
we believ^c ^d m bet^use all the oth^ solutions and 

suispenfiioiui were recovered ip the bile, and because the liver 
w^ injured by the toxins* Tests Were made for uranium 
nil^te, but tibe green color of the bile prevented our detenninii^ 
urfiether the injected toxin was present or not. Injuiy to the 
liver was in<Bcated fay relatively few hyperchromatie shrunken 
hucld and an increased amount of granular debris in the bile 
ducts. In none of the sections exainined did more than 12 per 
cent of the nuclei appear injured. If the liver is able to elimi- 
nate excretory to^s, as it probably does, and without serious 
injury to itself, we must agree with Denis (’13) that this helps 
explain why dogfish are able to withstand large doses of such 
poisons. 

i. Spleen 

The spleen in the experiments with Weed’s solution was seen 
to be impre^ted with Prussian blue granules. This indicates 
that the vessels open directly into the pulp or else that the endo- 
thehum is very permeable -to solutions because relatively more 
Pnissiml blue Was found in this organ than m other non-exore- 
toiy organs. I The spleen of the dogfish seems to be - very well 
adapted for phagocytic activity, although Wislocki (’17) bdieves 
that sudi is it)t the case in bony fishes. 

Injected gmujes of dyes are taken up very quickly by the 
i^een whi^ ibus becomes deeply stained. In this respect it is 
equaled only fay the liver. Injection of particulate matter was 
fi^oWed by a leueocytosis, and the number of mitotic %ure8 
SM m Sikh eases is greatly increased. 

T '^ToxiM cmxsed congestion m the spleen in most specimens, 
uianium nitrate experiment tha^ w^re present in the 
la^ numb^ of peculiar-diaped nuclei These 
liM found My occaatmdtty in the other specimens. They 
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place their animals under abnormal 
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prd>ably indk^ m ab&opai al kaao^ytoms 

amitotic diviaion. 

ptb^ masses d tissue were zmt examp^y but tbey 

piobaWy are plu^ocytic to gr^l^ 

5* 8]drd vdve and po9tvdvuhir^^^^i^^ 

fienis (13) mentions the poa^ility of ai^ ex^tory iunction 
possessed by the intestine of do^sh. Severnl of the srfuUcm 
and dyes which we injected were found later in the ^ira| 
However, these entered the intestine partly if not ^ti^ in 
the bile. With Weed's solution Prussian blue was not d^josi^ 
in tile epithelium nor were any granules of injected dye found in 
it. Potassium iodide was obtained in the spiral valve aft^ hi- 
jection, but this will go t^^gh almost any gland ^d is hot a 
^lecific test. Indigo-carmine did not stain the epilMium, nor 
could it be detected in the contents of the jspiral valve. 
ments in which solutions of various kinds, includihs dy^ a^ 
injected, should, be performed with dogfish in which bile is pre- 
vented from entering the intestine. We hope to do this at a 
later date. The toxins injected caused severe injiuy to the 
spiral valve whether the bile was permitted to. entrf the mtes- 
tine or not. In every case there was severe congestion and 
destruction of a considerable amount of the epithelium. The 
capillaries in the mucosa ruptured producing hmcairhi^^ 
the intestine. These vessels were injured prrf>ably more M 
those in any other organ, although there waa-aonie vasc^^ 
injury in the kidney. The spiral-valve contents were tested for 
the toxins tiiat had been injected, but even with small limMts 
of blood and bile preset the t^sts were not to 

mme the presence of the toxins. Probably dd^k^ate tests 
would be successful. Our not finding some c^^the iidecte^^ 
tions in the spiral-valve contents dso was due possibly to tests 
notsuffidently delicate. While tiie injury of tiie ^ind vaheby 
excretory tmons does not abi^utely prove'ti^ 1^ <a!gan bah 
Wrmally lat frmctiop, it te^ to support tho tbediy« 

The fact that mtestine posterior 
injured at all by tiie mjeoted |x>jso^ in favorrof 

this theory. 
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A solutions and one granidar dye were recovered in the 
stconach, but Uie po^bility of rq^gitated bile wasnot^ihi- 
nated aa Aould have b^ done. Weed's Prussian blue was 
not d^pbsited in the ep^thdium of the stoinacb nor were any of 
dy^ The exci^tory toxnis caused slight <^pnges* 
stoma A in some cases and in a few specimens the 
siri^ ^^elium stained poorly, A small amount of cyfcolysis 
was present m some cases, but the slight damage noted in the 
®ngS have been done by toxin regiffgitated from the 
Hif^ine_<ar by cell inanition resulting from vascular injury* 
Regurgitation is often observed. 

Citecil-W^eil ('17) found that after injection of Congorred into 
patimts wUh gastric ulcers it could be recovered in the stomach 
contents, but they admitted the fact that it is excreted in the 
bile and they did not diminate the possibility of regurgitation 
of bfle into the stomach. The stomach in selachiansfappar* 
enfiy is able excrete only a few injected solutions, and is 
probably not normally an excretory organ of any importance, 
if itbas this functi<m at all. 


7. GUIs 


fei i^peiiments with non-toidc solutions the gills wwe 
eamnined in those animals receiving Weed's solution. In 
th«^ specimens Prussian blue was found in the blood-’Vessels 
of Course, but there was none in the epithelium covering the 
gilb nor in the connective tissue. This argues against the 
thecoy that tte gills can excrete solutions. Since the gills are 
batl^ by the isotonic sea-water, it would seem natural that 
solutioi^ might diffuse into it frcmi the branchial vessels, but we 
have no evidence that this occurs. 


rfJisfimular dyes «yre ingested freely by the endothelium which 
lisies tim siiHiaes that are interposed between the arterial arches 


i in the gill filanmnts. It is also ing^ted by 
^^ndolhdium of the brancMai arteries. In fact, in these 
ceib of the gill skmses the phi^ocytic function seems to be 
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more hi^y devdc^)rf than in any other o|& jdt 
l^y. They are described in a previems section 
menteO* These lining the isinus^ are cne^ of 
of free phagocytes which circulate through tPifeii 

(17) does not mention these cells in Ins ‘^3^^ 
theM phagocytes in fishes. He states Aat in no endothdium 
in fisltes has trypan blue been sAn except in ^e %mi*ati^, 
renal- «id hepatic-portal vessels, ismd splenic sinuses. He api»r- 
ently would use trypan blue to ^inguidi between blood-vas*- 
cular endothelium (other than 'specialized^ endothelium of tine 
kidney, spleen, and liver) and lymphatic dadoffi^um. 
would use trypan blue to solve tiie problOT ^ te 
lymphatics in fishes. We do not beheve that tiypan.H 
other particulate substances can be used m tto wayi It is 
highly probable that more extensive research woidd ihii 
fact that the endothelium in various blood-yess^, i»|h 
and venous, in different parts of ihe fiA^s body, is able to j^g^t 
tryjian blue. The rate at which the dye moves throu^ -tite 
vessels is probably one of the m(®t important factors in this, as: is 
believed by Downey (17). Tim could be tested by decreasing 
the rate of blood flow in different vessels with hgatuf^ or other 
means. Downey (17) stopped the blood flow completely and 
found that the leucocytes could th^ ingest dye granules. In an 
attempt to distinguish between lymphatic and Wood-yascular 
endothelium from the ingestion of trypan blue^ one rixould not 
set atide all blood-yascular endothehum that is phagocytife to 
the dye as ^specialized endothelium/ 

Cells in geueral react toward trypan blue as they .da toward 
other particles in the circulation and it is not to be Used 
as a specific cure-all for our angiologieal troubles; Arey (*159 
and Downey (17) have pointed out several ways in wltich tim 
use of trypan blue has been overdone. ^ # 

In our. experiments the rinuses in the giUs were affected, by 
torins in somewhat the same way aa those in the spleen. 
was a prohferation of the ^othelium to produce free 
cytes. Some of these cells siwn poorly and in some the 
plasm is coar^y grMular. Tbm are present in 
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poisoned wiai .Hianram nitrate, peculiwly shaped nuclei like 
those founi te the spleen which probably indicate an ainnmmi 

amito®. - 


8t Bq^ {mugcUS j Ban, and p&itoneum) 

■ --Ej?.-:- ' ■ V- . 

In tixm t^eB dyes were recovered oidy in the blood-vessels 
and conneetive tissue where* an occasional phagocyte is seen. 
These tissues were hot injured by the toxins so far as could be 
detmnined. 

9. Vascular system 


Bub system.has ah^y been discussed in part, Leucocytes 
and fixed phi^ocyto of endothelial and ti^ue origin were seen 
to contain trypan blue and carmine granules. Carmine was 
found m^ted^ b^^ cells lining ttie heart. Fixed 

m the ^ieen, kidney, and gills apparently are injured 
by circulating tonnrf Phagoc 3 ^es containing carmine were found 


blood-yeSsels of all the organs examined were congested 
,by the excretory toxins injected, the most severe congestion 
jewing in the di^tiform gland, kidney, and spiral valve, 
.^^thr^ toxins — potassium chromate, tartaric acid, and uranium 
nito^te— caus^ injury to the erythrocytes, and when potassium 
chror^te injected diiectly into the blood-vessels these cdls 
ware destroy^, sometimes in a few minutes, Ophuls (^11) 
in his paper on potassium chromate nephritis in mam- 
mals, that the cause of death in such experiments is not due to 


the injury to the kidney. It is probable that death is due to 


ii^Uiy to the Mood coipuseles, especially the eiythrocytes. In 
oSl our sectioite of tissues, from animals that had received injec- 
tions of excretory toxins, degenerated er 3 rthrocytes can be seen. 
When we injected potassium chromate intravascularly, the blood 
w^.l^ed and the hemoglobin oxidized, as shown by the ‘gran- 
ule appearance and brown color of the blood at autopsy. 
L^phatics w^e not st^ed by trypan blue or carmine to any 
up to the end of five days^ time, althou^ 
take up these dyes if more time were allowed. 


13$ 
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siamARY AND ccmcumq^ 

L Diffit^om 0nd 

The digitifona gland of Mustdns exo-etes about 1 ec.ra d^ 
of clear alkaline fluid cont^ning Hiiected 

tions, but no suspensions, were reOov^^ in tins excretion. 
Injections of excretory toxins injure this gland. 

Kidney {nyymiephroB) 

The selachian kidney is a^l^ efficmt excretory cnigan than 
the TififtmTniiliiin kidney (metanei^hros). The dsuiy urine o#* 
put founts to about IS cc. per kg, body wei^t, a um 
content of about 1 per cent (Bagfioni, TO), The dogBMi 
excrete injected solutions as rapidly as the mOTtnalian kidney, 
but <ndy in small amounts, the sdlutioifs appearir^ in &e urine 
in ei^t minute after intravenous injection and in fourteen 
minute after intramuscular injection, 'll^e dogfish kidney 
does not excrete injected particulate matte and ^ tubules 
are not noticeably stained by insoluble vital dy®) at le®t in 
five days. Large amounts of renal toxins (potaadum dnomate^ 
tartaric acid, and uranium nitrate) are withstood by tile dogfish 
for lottg periods. These toxins i^uce nephritis in which three 
different types of degeneration occur. These are hyaline, gran- 
ular, Mid hydropic d^eneratioh of the cytoplasm, e^>ecially erf 
the excretey tubul®. The nuclei are .d®troyed after 
hyperchromatosis or hypochromatosis. Some of th^ cellular 
changes are due to inanition. The blood-vessels in the ftomardi 
and amoi^ the tubul® are not seriously affecte except idte 
sev^ necrosis. The capsules of the gl(mieruH are only sli^% 
injured. 

Liver 

The liver in dogfish is relatively a very efficient excretey 
organ. The bile contains L7 per cent of urea (Van Slytor 
White^^ll). The liver eliminate injected solutions and 
pensions r®dily and in ^centratimi. In a giyeh 
the liver excrete injected solutiqps in several times themc^i# 
excreted by the Mdn^, The tiver is the only organ in ^0 
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body d^mitdy proven in our a 5 )eriiaents as able to excrete 
particulate patter* It is stained deeply by such substances. 
The liv^ edbtains a great deal of normal pigment which is 
exineted m tte bSe in tire same way that injected pigmaxts are 
exctetedy tlw dem<mst^^ that the latto act is f normal 
piooess.:^^ 

Exoretery toxins ate probably excreted by the liver and they 
cause very littte miury to this organ. , Wm the kidneys were 
almost entirely destroyed, tee liver showed slight injury to 
about ^ per c^t of tee nuclei, which were hyperchromatic 
and sli^y s^unken, and in the bile ducts there was more 
than the ;^ual amount of granular substance, probably degen- 
erated Qdoplasm. The vessels of the liver are discussed b^ow. 

4* Spleen 

The spleen is very well adapted for phagocytic activity, and is 
stab^ deeply by injected insoluble dyes. Injected partides 
produce leuooc^tosis. Toxins cause congestion in tee spleen,^ 
the endotedium appears to be injured, very peculiarly shaped nu- 
clei may be produced, and many nuclei become hypochromatic. 

5, Spiral valm 

.The spiral valve has previously been considered to possess 
exd^ry function and may have such function for certain 
(£8d>ived subi^ces, but not all solutions we injected could be 
recovaed in tee intestine and none of the dyes were taken up by 
the epitheliuip. Excretory toxins pass through this epithelium 
and destroy it^ although they do not injure tee intestine imme* 
diatdy antisi# or posterior to tee spiral valve. We believe with 
C13) spiral valve has some excretory function. 

6, Stomach 

JL few inject solutions wae recovaed from tee stomach, 
bui.we do not befieve that this organ has an excretory function, 
IhilSietory texi^ do not injure it directly and vital dyes do not 
sti lts epithelium. 
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7. GUk 

The endothelium lining the arterial {urches and the 

large sinuses in the gBls is very phago^c to i^ected trypan 
blue and coarsely powdered carnune/ ’ It % 
in concentratidn greater than that ip examined, 

and at the same time it proliferates and pn^t^ toee phago- 
which (hrculate through toe body, ^(h j^ 
an abnorxmd amitosis occur after injeeti^ of excr^ry tosans, 
which also seem to produce degeneration of these odls. Ihere 
is ho indication that toe gills are able to excrete sdutiotis or 
particulate matter into the water surrounding them. They ^ 
prob^ly a normal source of phagocytes for toe circulation. " 

8. Body waU : . ! 

The muscles, skin, and peritoneum had in general a negative 
reaction to non-toxic solutions, vitol dyes, and toxins. . 


5. Foscttfin* system 


The blood-vascular system reacted ne^tively td 'noh^toxfe 
solutions so far as determined,, except that sucrc^e m toe bjo^ 
was inverted. Trypan blue and carmine were found in 
sional leucocytes and endothelial cells in toe blood-vessels of the 
kidney, digitiform gland, spiral valve, stomach, andrbpdy w^. 
Endothelium lining the branchial and splenic sinuses {^^heparic 
sinusoids is very phagocytic toward trypan blue and 
The arterial arches of toe gills are lined with endothelium phago- 


cytic to trypan blue. 


The lymphatics were not hoticeably stained with vitH dyfe 
up to five days, but the subject needs further sto^. # 
Excretory toxins cause slight injury to the fixed ^dotbehal 
phagocytes, especially in the spleen and gills; They cause con- 
gestion in all the organs especially in the kidn^, dij^tifem 
gland, and spiral valve. If injected intoamuscUi^Iy they cause 
Edow degeneration of toe erythrocytes, and if injected 
venously, sudden destruction of th^ cdls. This destril^ciflife 
probably the cau^ of deaili in some cases of e3^)eiB®l 
nephritis studied by otoer investigators. „ 
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EXmNltlOX 07 FIOOBBS 


1 Spleen four dayB after injection of camune granuiee, 
bodies are canoine. Insert shows an eadotheli^ odl with a pseoili^pol^^pcob^ 
ew of .carmm 

Xiver to da:^ after i&jeotion trypaa blue. Black 
blw 6X0^ ^ tile at x wtdch coatains both trypw blue 

3 to 5 001 iSve days afteri^eoMbb of trypan blue. 
arch and (teses at ^ base of the ^junents lined with endotki^^^Qi^ 
ingested trypan blue, idid contumng phagocytes &liedyidth;^^^;l|i|^4 
shows norma! eiuM from a sinus, and figure 5 shoiim ti^^ 
figu^ 3, shoWhig ^ rSaetioa to the injected dye. The phai^^iie|^|p l^taiiti^ 
botii blue and blast granules. ^ 





PLATE 2 

EXPLANATION OF PIGUBES 
KIDNEY. POTASSIUM CHROMATE 

6 Normal excretory tubule. 

7 Glomerulus and collecting tubule after poisoning. Note the shrunken 
nuclei and vacuoles. 

8 Excretory tubule. Note the granular degeneration and shrunken nuclei. 

9 Extreme case of granular degeneration. The supporting connective tissue 
has broken and allowed the debris to spread. Desquamated cells become round. 
Hyaline and hydropic degeneration not shown. 
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EXPLANATION OP FIOURES 


DIOITIFORM GLAND. POTASSIUM CHROMATE 

10 Shows congestion at the center and cytolysis at the periphery. 

11 Shows a normal tubule. 

12 and 13 Show clifTercnt degrees of cytolysis with shrunken, opaque nuclei. 



REACTION OF SELACHH TO INJECTIONS 

K. R. HOSKINS AND M. M. HOSKINS 


PLATE S 
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PLATE 4 

EXPLANATION OE FIGURES 
SPIRAL VALVE. POTASSIUM CHROMATE 

14 Normal sjjiral valve, 

15- Effeet on spiral valve of potassium chromate poisoning. Note the loss 
of innermost epithelium. Severe congestion. The entire section is poorly 
stained, although it was prepared similarly and stained simultaneously with the 
seel ion shown in figure 14. 
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REACTION OF SELACHll TO INJECTIONS 

E. B. HOSKIK'5 AND M. H. H0AK1N8 
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PtATE 5 

EXPLAN'A'tlON OP PI9URES 

KIDNPYi ^ABTARIC 'AClb 

10 Normal kidney. 

17 Kidney poisoned with tartaric aoid-. Note the Shriinkfth nuclei, broken 
tubules, and debris. The very small black bodies iii th^ fegik hi the excretory 
tubules are of eosinophilic hyaline substance. 

18 Normal excretory tubule. 

EFFECT OF TARTARIC ACID 

19 Small excretory tubule showing granular degeneration with shfimken 

opaque nuclei, • 

20 Extreme stage of granular degeneratioUi The tubule is represented feit a 
mere mass of debris. Note the surrounding feells with 1 arge eosinophilic granliljpR. 

21 H3^aline degeneration, showing hyaline droplets and shrunken nuclei. '' 
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PLATE 6 

EXPLANATION OF FIGURES 
KIDNEY, SPLEEN, AND GILL. URANIUM NITRATE 

{See Jigure 18 for normal kidneg) 

22 Mild granular degeneration. 

23 Late granular degeneration. 

24 Granular and hydropic degeneration, but not typical ol the latter type. 

25 Beginning of hyaline degeneration. Late stage not shown. 

26 Nuclei found in' the blood-vessels and connective tissue of kidney, coming 
probably from endothelium of spleen and gills. 

27 Nuclei from the endothelium of the spleen and gill sinuses and probably 
representing abnormal amitosis in production of phagocytes. The cell 'x^ repre- 
sents a mitotic figure seen in the spleen. 
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r. INTRODUCTION 



years there has been muA 
of the gerin^plasm and^ (mtaney f f 

Johaimseff^ otiim ^ve 

t Na. 7 from t^ laboratory of Genetics, De|»rbmeni <ff Afiirnd 
_ , Ji^i^tshy df TISnds. The writer wishwto acknowledge hH indebtei^ 
t 1; A. DethfefhCn, under whose directi^ work was earlied on^for 
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mamtained that in as^cuaUy reproduced organisms {^ftd in mdi- 
viduals arising by self-fertilization selection is futik except for 
the purpose of isolating pure Imes. The miginat hiterpretalion 
of a pure line was that it condsted <^4he^ offspring 
tilized individuaL the term, puie^lne, was ext^kl^ to 

homozygous characters in individuals r^roduc^ dioe^sly or 
biparentally. It has bem the bdief of the majority <ff workers 
in genetics that selection only separati^ pure Imes and is ineffec- 
tive when applied to a unit character. hypothCsk must 

also assume a gametic or factcnial piaify i^ch is unchangng 
except through mutation. 

The questions with which the present investigation deds are: 

1 . Does long-ccwatinued selection have an effect upon a Men- 
delian character? 

2. Can there be a gametic or factorial contamination of a char- 
cter, and, if so, Is selection then efficacious? ^ * 

II. MAmiAL ANB Mra 

In Drosophila ampeloplnla, the fruit iy^ th^ is a wmgiess 
or vestigial wii^ variety, the c^gia of was described by 
Morgan and Lynch (12). This vestigial TOig behaves as a i# 
cessive character when crossed to individuals with nmmal long 
wings. The offspring in the first generation have“l<mg wkigs 
wMie in the second generation jsoth long-wii^ afid viri^l- 
wingcd are jffoduced. However, the ratio of long-tsS^ed to’ 
vesti^l-winged is not 3: 1. In this experiment, !»' mdi- 
viduals were produced, 7381 of which were loiag-TOiedM^ 
vestigial, or a ratio 3.95: 1. With this number i^vi<^ls 
such a departure from a 3 : 1 ratio cannot be ajtribuled to chance. 
Morgan explains the departure from the ^eoretical ratio as 
bring due to the low vmbility of the vestig^winjged 
A vestigial and a noms^ wi^ are shown 1 

and 14. Tliis chfffacter^; wing, is w# adaptidifeMlfidi 

an mvestipttion as outlined, because it is a 
lian (ffiaracter and riiows some variability in si^ ^ 

The riK)ek < 

T, H. Mo]^, of Columbia University: 
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^ Qi^ one female were taken at random as the begin- 

ni^c^afi Aeseries. the offspring of th^e two individuals, 

mate and female wilJi tibie longest vestigial wings were used to 
begfe stoted series A, The brothers and sisters of these bred 
inter fi^ 4rf;wr^ iml as a check. The 


third-piafe whto will be referred to as crossed-in-and-sdected' 
series C, had ite crigin as Mows: ten sdected males from the six- 
teenth generati 0 n of selected series A were crossed to long- 
winged femid^ of wild Drosophila obtained from bananas in a 
1(^ grocery. 'Die first gmeration was long-winged, while in the 
second, long-winge# aiid vestigial-winged appeared. Selection 
was b^im iHUong the vestigial-winged segregates of the second 
generation, those individuals 'with the longest vestigial wings 
bring used as parents of the next generation, and so on. Some 
of the vestigial-winged males of the second generation of the 
cross wa'e mated again to long-winged females. This process of 
‘crossihg-in^ was repeated eight times in some of the series, but 
in this paper a series which was crossed-in only once is reported 
for the reason that it consists of a larger number of generations 
th^ any of riie others. Duplicate series were also run, formed 
by crossing vestigial-winged females to long-winged males, the 
^ rerijrf'ocal of the above cross. 

The length of the vestigial wing is the measurement used to 
detenaine the ^ect of selection and of crossing-in/ The ideal 
method would have been to measure the surface of the wing and 
note the venation, but this was prohibitive on account of the labor 
invrived. However, the length is a good character to use as an 
indlearion (rf:»^y changes in size. It is better than width, for 
in large thin v^tigkl wings, curling sometimes renders the 
measurement^ tee width impossible or extremely difficult. The 
genswrtianfl ^re'preserved in 75 per cent alcohol and measure- 
i^mtemade later. 

»^.^^casea,setections were made by simple inspection with a 
tepd'IK^, tee effectiveness of which can be seen from tables 1, 

3^-rt-.raad'fe- 

Mrii^flements were made by the use of a camera lurida, 
t raring ^ length of the wing and measuring the line thus pro- 
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duced. The most convenient method of placing the ffiss npdear^ 
the microscope was by means of a grooved micToscK^iWer 
using glycerin to support th^ in a horwntal poshidn. 5he 
magnification is 29 e^ressed in miUhneta^. This ip^itotion 
is in the text aini tables without redictiion to 
In gamrations containing sevaal hundred imSvidualSf^^^^^^ 
dred of each seX; takai at random, were meaaired. 

In selecting the parents, the length of the vestifW wing was 
not the only factor taken into consideration. The goal in view 
was a perfect wing, hence Ibe breadth and the portion of tim 
wing rdative to the body of the fly weri t&o considered. The 
usual method of feeding fennented bamma, as described by 
Morgan, Stu^vant, Muller and Bribes (15) , was used, 

1, Sources error 

As a possible source of error, it may be mentioned that the 
wings were broken oi in smne cases, rendering tiie indusion of 
such individuals in the tabulations impossible. This was jnore 
C(»nmon among the parents th^ among the others pf the dera- 
tion, since the parents were kept much longer brfore presesrvation 
than were the others. Some of the parents died in ihe brdh^ 
bottles and occasionally the wings became mutilated to such sa] 
extent that measurement was impossible. Aifeothere was a di^ 
tendency to curling and dirinking among the larger ,wmgs, thi| 
type being more common among parents selected for vrijpg 

For the most part, mass selection was practiced Of 

danger of losing the series if only two individuals were 
Consequently, th« selected for parents differed in size of ves- 
tigial wing. Therefore, onq cannot be sure which of those se- 
lected were the actual par^ts of the next gmeiatMmm«w 
did not mate or if mating was indiscruninate. Since the aT^ilS 
of the parents was dways larger than^^t^^ tim dpa- 

tion from which they were selected, except m cases 
the offspring were used as parents, this is imt a very 
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' oblect of the experiment was to select toward the normal 
^ wmg; In some insttmces individuals with shorter wings 
in selection, for the reason that they ap- 
fieiarly the long-wing lype ip form and venation. 

1%^ Assumed that the expression of this somatic character, 
ve^fl^iKfmg, is an index of the germinal constitution. In any 
sdection e^)^iment, without the progeny test, selection is 
eiGfective only"wiien the iKiinatic character is. an index of the 
g^minal constitul|on to some degree at least. However, en- 
vironmental.factors may affect the somatic expression and thus 
raider sdection less effective. 


in. KXPERIMENTAn DATA 


i. Seleded series A 

This series bega^^ as described in section II, with a mating of 
a v^ti^-winged male and female taken at random, and was 
conrinu^ for thirty-four generations. Table 1 gives the means, 
standard deviations, and coefficients of variability of males and 
females in each generation. The males and females are treated 
separately in order to show any sex differences. 

a. Effect o/ selWon. In table 5 are found the weighted aver- 
age wing lengths parents and offspring for each generation in 
s^ted ser^ A, By an inspection of text figure 1, which is 
con^mcted from table 5, it is at once seen that no increase in 
sixe of wmg was made during the process of selection. This is 
furihar borne out by the correlation between the av^age wing 
Imgth of the paints and that of the offspring which is 

r = +0.329 ±0.103. 

TbM ewtelation is not significant when judged by the probable 
Cinpr. To be sure, a mm‘ked correlation is not nece^arily a 
Ta^Asm of the amount of progress made by selection, for en- 
y^f^ment may produce a s^pificant correlation, but it is ob- 
vi^^that if &ere is no signMcant correlation between the size 
(ff the parents and the size of the offspring selection is of no 
avail. 
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Ij it is to bo noted that soiiie generations are nmeh 
than others when ju(^ed by the standard devia- 
±0.010 to 11.30 ±0,60 in the 
;;'^d L69 ±Oil7 to 7.68 ± 0.49 in the females. The 
gte :^ vam axe 10.85 ±1,58 to 42.50 ±2,61 for 
8.86 ±0,69 to 31.66 ± 2.19 for the females. 
i^;Wmg lengths of the diff^^t generations vary 

i Control seri^ B had its origin in the 

random niafeg of thi brothers and sisters of the two individuals 
us^ ;for: sekcted se^ A; and was carried for sixteen genera- 
tions Table 2 ipves the means, standard deviations, and co- 
efficients of variability of the males and females separately, while 
in table 4 are found the averages of the wing lengths of males 
and females in the different generations. 

Thfe s^es shows in general the same things as selected series 
A. |t ^ to be noted fromi text figure 1^ which is constructed* 
from the means of the generations given in table 4 , that the 
wmg length in the control series is smaller in every generation, 
exc^t the F 14 , than in the selected series. It is thought that this 
dfffer^ce is due to the method of handling rather than to any 
inherit difference. In the selected series only a few parents 
were in the breedii^ bottle and the offspring were removed every 
^^te^ horns or more often, while in the control series, the flies 
were not removed so frequently and a large number of parents 
was used. The food conditions and space in the breeding bottles 
w^ not so favorable in the control as in the selected series. In 
wa^^ wi)% the flies, one received the impression that those of 
thft^ferol slries wa:e smaller than those of the selected series. 
Mifeemefflits d ike body lengths of males in the sixth generation 
ofj^'series were made, giving 62.9 for the selected and 60.4 for 
I Males were measured in pr^erence to the females 
comirnrison because the body size in the males is moa^e 
than in females due to the presence or absence of egj^ 
latter. 

of temperature. The high means in the Fio generation 
of ^ntrol series B and in the Fio, fn, and Fa generations of se* 
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leeted series A oocmied diiring l^e summer d 
when there tos extrmdj wann weaih^. The 
tween high tempemtute and size of wiog ym 
and consequ^tty no temperature recqjrds woe k^t i 
first part of /&e expawneni wiae I 

a series of fiies was suhjedted to hi# in ah I 

the outcome of whl<^h is discussed lat^ in 
significant to note that durii^; the'produetbn 
tion in selected series A, hi#ar tmpaatee ooemrei ^^han m 
either the Fig or F^o generation. The males are nmre kientc^ 
than the females, as can be'sm horn the means, stamkrd devia- 
tions, and coefficients (d variability in the ^nerstiosfi Med 
above (tables 1 and 2). 

^Cromd4rHm^e^^ 

This series was obtained as described in sec^ 

Vossing of ten vest^ial-win#d males from the Fti generation 
of selected saies A with l(n]g-^wm^ Sriisctioh was 

started among the vestigiM-wingled segregates appearing in tiie 
second subsequent generation. Table 3 exhibit means, 
standard deviations, and coefficients of variability d mal^ and 
females separatriy, Thn means of the males and female com- 
bined are given in table 6. 

a. Efect Text %ure 2 is ecmstiuriied 

means of the geha’atmns giv^ m Mile 6. 3y an insp^icn of 
this graph, one cannot say that selection has been If 

the experiment had been brou#t to an end ht thelwMy^&st 
generation, probaUy one would have ccmcluded that seipyoh 
had been effective, but such fluctuations as are found in 
and Fi 9 generati(His prevent* such a conclumoh/ Howeveg^ it 
may &ive been that the scunatic appearance ^ not alt^ Mi 
index of the germinal constitution, in wMdti cgse th^ is a pos- 
sibility that selection may have been effective, but that en^n- 
m^M factors suppress^ the full expresdcm of &e gerrdpd 
potency or constitution. Under the conditions of this 
ment, 8elect|cm had no visible ^ect upon the exinreMc^ d 
ckffacM in qMtion. 
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b. Effect of *€romng4n,^ If sdectiaaM no effeet lo 
of the two series, ihm the differences eristmg must have. 

in the two which were produced during 
time, Gen^tions Fjs M Fu of sete^ s^fes A f t ^ F» 

of Wssed-m-aridnselected^ w^fioctaeed it itesame 

tune and w^e subject ta the same conditi^hs|^^^f^t^^%^^ t^^ 
latter series had been croi^ to long^winged irfe 
erations back in its history. ^ 

Text figure 3 shows the culwes of the means for thercoirtopo- 
rary generations of these noted above. M only one ease, 
the twelfth generation, does the ^(^ossed-m-andnsjeledted^ safes 
fall as low as the simple selected series. By taking the average 
of the means of the males and females in each of these s^es, we 
have 19.07 ±,0.069 for selected series A (F 22 to F«) and 2^,62 ± 
0.12 for ‘crossed-in-^d-selected^ smes C (Ft to Ft»)./ H us Is a 
significant difference. As the av^:age of all the generathms in 
each series, we have 19.27 ± 0.043 for selected s^^ A and 

25.68 ± 0.073 for 'crossed-in-^d-^elected' smes C, Thk is 

■*" 

also a significant differaice when judged by their probable 
errors.* 

The males were more affected by ‘crossing-in^ than were |he 
females. The average of the males for gaiaations ntoted above 
in the ‘crossed-in-^d-selected’ series is 27.99 ± 0.19-aiKi of the 
females 23.40 ± 0.14. That this difference is due to hiiv^ be^ 
crossed with the long wing is pK)ved by the fact 
generations of selected series A produced at the same tune (F^ 
to F«) the avera^ of the males is 1 9.43 ±0.11, and of thefemates 

18.69 ± 0.078. For all the generations in ‘crossed?4n-ahd- 
selected^ series C, the males average 27.70 ± 0.12 and tiie fe- 
males 23.73 ± 0.090, while, selected series A gives 19.40 :^,p;068 

‘The probable error of an average of averages waa cakdatedfi^ ^ 
fonnnla: 

E = “ V^i* ®i* ± n** Cl* ± Dm* em* 

N . 

in which n is the number of individuals in the generation, e the {urobable error, 
and N ±e total number of individuals. 
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Text-figure 3. Generations Fzs to Fm in selected series A, and Ft to Fig in the ' crossed-in-and-eelected’ 
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for the males and 19.13 ± 0.052 for the f«n^. inm.pan i» 
no doubt, th^, that crossing-in’ has modified the :d|ii!^^ 

c. Effect cf imperc^e. In this series, as ih to Ppi 
temperature increased the ^ of the wing, and to'Sncii^^^ad 
greater among the males than among to finales. To determhie 
more exactly the effect of temperature, toloffowing exj^^ 
was performed. After the parents were selected for to Fn 
generation of ^crossed-in-and-selected’ series C, they 
allowed to deposit eggs in four bottled, two of which w®e put 
into an incubator set to run irom 27®C. to 28®C. lie tem- 
perature, however, ranged from 26.7^0. to 35.rC.' Tim high 
temperature was caused by the extremely warm weather in to 
summer of 1916. The other two bottles were fcept at to lab- 
oratory temperature, which ranged from 18®G. .to 35.1*’C., but 
for the most part around 22^0. to 24^0. Beadinp were made 
twice daily, moniing and evening. The average t^per^dm^m 
the incubator during the experiment was 28.4‘’C. and in to lab^ 
oratory 25.9®C. Table 7 gives the means, standard devistimis, 
and coefficients of variability of males and fem^ sepaiatdy. 
T£d)le 9 gives the means of the generations by combining to 
males and females. 

From text figure 2 a comp^dson can be made between ]|ie 
generations produced in the incubator and those kept in to 
laboratory. The difference is very marked even thou^ the 
temperature in to laboratory approached that in to mcubator, 
due to the hot summer weather. The av^age of to means of 
the males and females in the laboratory is 24.49 :b 9^14 and of 
those in the incubator 42.79 ±0.25. These averages are fmr 
Fit to Fu generations in both the kbc^atory and inoulktor s@^. 
It must be clear, thm, that temperature has a mm*!^ 
upon the somatic expression of vestigial wings, . 

It is to be noted tot in the incubator series the Fu g^toto^ 
has a much lower mean than any of the other generaticms. Tie 
two bottles ^ere not placed m the mcubator uptff after aU to 
eggs had been deposited and many pupae fonn^. This seems ip 
indicate that the effect of h^ temperature took place betwe^ 
the fertilization of the egg and the pupal stage. 
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- tait^ Z and 7 it is to be seen that the coefficients of 
the generations produced under high 
but that the standard deviations are about the same, 
does not necessarily mean that the range of variation has 
; Since the coefficient of vwiability is obtained by 

/■-y ■ ■ ^ if 

diirip^ the standard deviation by the mean, C = it is quite 

obvioua that as M increases, C decreases if <r remains constant, 
'Whan deeding with biological materials of the same kind, stand- 
ard deviation is sometimes a much safer criterion of variability 
than tile coefficient of variability. 

Another fact brought out by an inspection of table 7 is that 
there is little diffo'ence between the males and females with 
r^ard to length of wii^. The average for the males is 45.90 ± 
and for the females 42.50 ± 0.35 {Yu to Fas). By leaving 
out of the calculations the Fas generation which underwent some 
of its development outside of the incubator, the averages become 
49,25 i 0.2^ for the males and 48.35 ±0.27 for the females. 
This shows a much smaller difference than above, and is not 
significant when judged by their probable errors. Judging from 
the very large differences existing between the males and females 
in the series outside the incubator, it seems that the males are 
nip^ easily affected by hi^ temperature than are the females, 
but that under constantly high temperature both males and 
female w^ equally affected. 

S. Form of wings 

.'Some of the types of wings found in these series are shown in 
phi^ h There is great variability in the siae, shape, and vena- 
tioh.’^ A very good graded series could have been obtained from 
tiienmlnal vesti^ type (l)to thenormallong wing(14). Figure 
IJ'lphows a common type of wmg produced in the high-tem- 
p^ture series and less frequently in the other series. It is in 
and venation like a normal long wing. Other types similar 
td truncate, and beaded as described by Morgan (16) 

appeared. 
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In n<me d llie s^es did die iiMMviduate lifeed 
type of wing possessed. Under high 
judged by length of wing/ was ecmstsditly nnu^ 
normal vestigial wing, but the form was viuiab^r ^?^ 
wings were produced like the normal long idng ^an unddr ^ 
other conditions. It is interesting to cgppare length 
wings in wild Drosophila with the length d wi^ 

found in this experiment. For tw«ity-four wild mates ■ ^ 
average length is 57.7 and for twenty<six fanales Some^ pi ^ 
vesti^ wings were as long as the long winp of the wiM stock. 
The position of the wing in relation to the body was also vari- 
able. In the normal vestigial-winged fly, the wing seems to be 
stationary and projects from the side of the bb% at an an^e of 
about 60'’. In many of the flies with lai^e vesti^ winp pro- 
duced in these* series, the winp were in the positi^ of the nor- 
mal wing and some functioned as normal winp. In fact, a few 
individuals escaped by flying away. These winp were thinn^ 
than those of the wild Drosophila. 

In vestigial-winged Drosophila the balancers are much reduced 
in size. Normal balancers from long-winged flies are shown in 
plate 2, figures 21 and 22, while figures 15 mid 16 show the bal- 
ancers from normal vestigial-winged flies. In those ^es wi^ 
larp vestigial winp, bdancers of the normal type were predb| 
(fip. 17 to 20). 

Unfortunately, the experiment was brought to a close by the hot 
weather and further work on fixing these types was brought to 
an end. 

The other series, previously noted, obtidned by cros^ng ves- 
tigial-winged individuals two, four, and eight successive times to 
long-winged, pve in general the same results m the series r^»wt^ 
at length in this paper. 

ly. siJikOfAny OF RESULT 

1. Selection failed to modify the size of vesrigial wing in 
Drosophila (tabl^ 5 and 6, and text fip. 1 mid 2). 

2. The size and form of the vestig^ wing w«e affed^fiy 

crossihg to long-winged flies (tables 1 mid 3, mid text fig. ? 
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Aowed greater ^ects from ^crossing-in’ than 

r%^®he sae and form of the vestigial wing were affected by 
, J^ tmperato (tabl^ 1, 2 and 3, and text figs. 1 and 2), 
t ®e no^ more easily affected by high temperature 
^ were the fmales (tables 1 and 2), 

V. DISCUSSION 
1. Effect of eeleciim 

^ ft k possible to assume that selection had no effect upon the 
ske of vesti^ wing in this experiment, because of the gametic 
purity of this character. Upon this assumption the variability 
was due to ©ivironmental factors alone and under such conditions 
one would not expect selection to be effective. Suhh an hypothe- 
sis js supported by evidence from the work of Johannsen (’03, 
’09) with beans, Jennings (’09) with the protozoan Paramecium, 
Tower (’06) with the potato-beetle, Leptinotarsa decemlineata, 
Ewing (’14 a, ’14 b, ’16) with Aphis, and Lashley (’15, ’16) 
with Hydra. 

However, there is also evidence that in some cases unit-char- 
acters dp change under the process of selection. Castle and 
HpUips (’14) found that the amount of pigment in the hooded 
iat could be increased or decreased at will by selection. Cu^not 
(M) noted Hie same results in working with spotted mice. The 
work of Jennii^ (’16) on Difflugia corona, the reproduction of 
which is uniparental, showed that selection was effective in 
changing the number and length of spines and size of body. 
Sknilar results were obtained by Middleton (’ 15) with Stylonychia 
and ^Stocking (’15) with Paramecium. Ail of these results may 
be explained by assuming that the factors themselves are vari- 
able. Castle heiS this view concerning the hooded character in 
rats. The pure-linist attempts to explain Castle’s results upon 
^ assumption that modifiers are present and that selection 
s^iHrateB diyerse types. Concerning the work of Jennings on 
Miffgan (’16) says: throu^ sexual union (a proc- 
ess that o<«ursm^ the germ plasm (chromatin) of these 
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wild types has in times past be^ reeomi^^ 
would be expected to separate certain types ag^Si 
sion, irregular samplmg of the gmn plim takes 

in a heterozygous condition. On the other hand, tte 
mighf be asked if there is any {m)of of ^e oecuEtmeaof * 

sampling of the germ plasm in Difflugia. 

Since an environmental factor, temperature, affects the ves- 
tigial wing to a marked degree, a consistent germinal selfieti(m 
may not have been in operation in these e3g>edmcntfiu In goi- 
erations ocnirring at a time favorable to the production of large 
vest^ial wings, selection was easily possible, but in pnerations 


when the vestigial .wing was inhibited by a low temperature, 
selection of individuals potent for. larger wings could not be 
made except as they were included by chance. 


Effect of ^cro8dng4n* 

The data establi^ beyond question that crossing the vestigial- 
wmged flies to normal long-winged had a very marked influence 
GD. increasing the size of vestigial wings in the ‘erossed-in' series. 
Castle (15) reported on some unpublished work of Dr. D. H* 
Wenrich that the extracted vestigials from a vestigud, 
wing cross showed greater variability in length of wing than did 
the uncrossed. To what this increase is due is not known, but 
there are two possible explanations: 

1. The increased size and variability may have been due to ihe 
intawluction of modifjdng factors from the wild stock, tlw 
factors acting more dfectively when the tmfperature was hi^er 
than the normal; or 

2. A gametic contammation may have occurred when the ves- 
tigial w ing factor came into association witlP its ^e!<^(^h, 
long wing (or the association of the developer f(n' wii^ witifcto 
absence of this devdoper). 

Thei^ie inme evidence in favor of the first explanation 
fron^jile following experiment performed to thfe viewR^% 
laip veetigisl-winged male from Fn generation prodqeed ih 
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haying a wing of the general form shown in plate 1, 
13> wasinated to small vestigial-winged females from the 
srtoek. This cross was carried thrcfegh the second gen- 
dlirititein' and was kept from the beginning in the incubator, 
^1^ 8 summarizes the means, standard deviations, and co- 
eteents of variability of the males and females separately. It 
feto be noted that the variability in the second generation, when 
judged by the standard deviation, is greater than in the first— 
a ccmdition to be expected if differential factors were involved. 
The difference between the males in the first and second genera- 
tions is not highly significant when judged by the probable errors, 
but that between the females is. However, the variability of the 
males is greater in the second generation than in the first. The 
average variability of the males and females combined in the Fi 
gmeration is 5.81 dz 0.48 and in the Fj 9.93 ± 0.76. That the 
males are more affected than the females is again brought out 
in this cro^. 

The correlation between the averages of wing lengths in the 
pa^ts and in the offpring for the ^crossed-in^ series is expressed 
by » 

r - 0.528 ± 0.086 . 

^his probably indicates that both parents and offspring were 
produced at a time favorable to the development of large vestigial 
winp. 

If the increased size and variable form of wing are due to 
factors, the original stock must have contained at least some of 
these factors since, under hi^ temperature, the size and form of 
wing were much aiected in the simple selected series (table 1). 
Morgan f 16) writes concerning the vestigial wing character: 
^'Tbis condition arose at a single step and breeds true, although 
it appears to be'influenced to some extent by temperature, also 
by’ podifiers that sometimes appear in the stock.” 

Morgan and Lynch (^12) state that the vestigial wing was 
to the long^wing and segregated again in order to in- 
* viability. Hence, factors may have been introduced and 
in the stock from that time, and were effective only 
when temperature was favorable. 


rat jocKirAb or ixpmntsMTAi. zoflLoor, t9|L.,27, mo. 2 



p4 

There are otho* caaeg in l^rDSc^ifaya 
pmsicm c^ under certaiii awmimraiUl^^ 

Hoge fl5) found tkat in a eertain ato^ si^!^ 

nummary 1^ were produced in a Mendelian i»tioat 
but at XKmal temperature ibis ctoacter waa 
gan (’15) d^eribed the case of abnoim^d abdemea & wUefe^ 
black bands, normally present, are broken and inegular or 
tirely absent. This ^nonnal condition’is induced 1^ ^ !»» 
ence of moist food, but when the food becomes mme 
individuals il^t em^ are entirely nonn^ in i^^^>ea!ramie. 
Dexter (’14) also found that more beaded inn^^ w 
in a wet culture than in a dry, and more in idkrihm hi acid 
cultures. Extra number of Idstles in Drosophila was decreased 
by a scanty food BUM)Iy (Mac Dowell, ’15). D ^ 

Further investigation under a constant environmmt wfll be 
necessary before one can come to a conclusion concerning the 
efficacy of selection on the size of vestigial wing. On liie ba^ 
of this ex|toation, selection failed because the somatic expres- 
sion of this character was not indicative of the full germinal 
potency. ^ 

The second plausible explanation d the increased size and 
variability of the vestigial wing in the ^crossed-in’ series is fa^ 
torial contamination. Castle, particularly, held that sudi a c<^ 
tamination mi^t occuiv-that gametes are subject to change and 
inconBiant. Castle and Forbes (’06) concluded that there was 
contamination of the gOTi-celte produced by tixe crosa-breds of 
long- and short-haired guinea pigs, idu6 to tiie association of the 
factors for long and ^ort hair, Likewi^, MacGuidy and 
Castle (’07) were of the opinion that the gametes of crossbreds 
from a ctm of hooded and Irish rate had changed because the 
extracted pattems^w^ ^mewhat changed. Coziiamination d 
the gametes would mean variation of the unit-diariu;ter m 
tion. It was the variability In this hooded pattern of rate wUeh 
funnshed the foundation for the extensive Section expmmmi 
by Castie and Phffiips (’14). The results of th^ es$erb^$4 
shared that the amount of pigment could be dimtolshed earin’^- 
mmA at will by seleeticm. Tt^ adopted the hypolheris 
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sc^ the wiaUlfty was due to modifying factors, but later 
CWfc>fl6) eWmed to have disproved that modifying (actors 
wpe/ecmeofsed because there was no decrease in the rapidity of 
dto^^ter seventeen succe^ive selections. Tor tins and other 
leas^ CasOe {Castie and Wri^t, 16; Castle, 17) rejects the 
hygotl^sis of modifying factors. 

On the other hand, Marshall and MuUer (17) found that the 
faetor f<sr balloon wing which is variable showed no evidence of 
eca^amination after having been in association with its allelo- 
morph lor more than fifty generations. Morgan (15) concluded 
fwffli'the evidence furnished by the character, abnonnal abdo- 
men, that dl contamination of genes or gametes occurred. The 
ex|M?e88mn of this character is dependent upon the environment, 
rendering it possible for the individual to be normal in appear- 
ance when the character is either heterozygous or homozygous 
f(ff abnonnal. If the environment is favorable, a heterozygous 
individual will be abnormal. In none of his work did Morgan 
find any evidence to support the theory of gametic.contamination. 

Either gametic contamination or modifying factors would cause . 
characters to vary, and in both cases progress by selection would 
be possible. Zeleny and Mattoon (15) found that the number 
of facets in W eye' Drosophilacould be increased or decreased 
by selection. They are inclined to the belief that the variabily 
in the number of facets is due to ^differences in factorial com- 
podtion.' MacDowell (15) showed that selection was effective 
in increasn^ the numbca* of extra bristles in Drosophila. He 
says: “The hypothesis of accessory factors will explain all the 
facts, and that of modification of a Mendelian factor may be 
em|)loyed to interpret most of them." 

Morgan (16) reports that m his laboratory Muller selected for 
shorter wings in the truncate stock «f Drosophila and obtained 
individuals at the end of the experiment with much shorter wings 
than those with which he started. He showed by means of link- 
experiments “that at least three factors were present that 
moS^jed the wings.” Dexter (14) found that the variability 
ol beaded wiag was affected by a modifying factor in the second 
chromosome, which could be eliminated or preserved, thus mAking 
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selection rffective. Mtz (^11) decreased 4be leng& df telsiin 
the wings of Drosophila. Wheth^ modif)^ fiaCtdli 
volved in tins case is not known. All must agree^^ that mii 
characters varyi but th^ is smne (M^ee of 
whether the g^minal cause of van^ility is modifi^ dr gawtic 
contamination. 

It might be thou^t that selection was dfectbre, rince the 
flies placed in the incubator at high femperature showed 
stantly large wings. This, however, may have be«i due to 
crossing the vestigiabwinged to long-wi^ed flies^ intrwiueing 
factors from the long-wjnged stock which would have inowased 
the wing size among the vestigial winged segregate # the second 
generation, if the environment had been fav^able. It is ^so 
conceivable that there was a factmM ccmtamination which 
would show fully only under high temperature. 

Why the males were affected more easily by temperature than 
;he females is not known. Investigation is how in progress witti 
K>me hope of finding evidence on this point. 
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PUTE I 


EXPLANATION OT nOOXES 

Photographs of eamera^ueida drawings. X 3& 

1 Short TBStigial wing. 

2, 3, 5> 6, 8, 9 From selected series A. 

4, 7^10)12 !FVom 'orOBBCfd-in-findHselected^ 863^ C. 

13 From the ^cro8Sed4n<^d^ected’ series si^jeeted to hig^ toperature* 

14 Normal long win^. 




PUTE 2 

BXPIiANATION OF nOUBBB 

Photographs of eainera4ucida drawings of balanooiSt X 53. 
15, 16 Prom short vestigial winged 6ies. 

17, 18, 19, 20 vestigiai-winged flies with lai^ wings. 
21, 22 PVom normal tong-winged. 


180 



PUJI2 


A aiK^Ban^ GamciEB and ssuBcmoN 

ttJilK xQsmi 


1& 

# ^ 

u 

x» 

IB 

20 

19 




181 



182 




TmMi 

M$aiUt tUmiard devicdwiUt and eoi^xiinU cfvariM^i^U^ 
- in udeeUd mtim A ' ' ' 
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A ESCSSSIVB CHARA^CTE^ AND SELECTION 
TABia* 


KidM, Utmdord dmoHcni, and eoeJIkientB of vanability of length of veeiiyial 
winge in control BeriesB 



tax 

iroii- 

9I» 

MiAir 

miniAEO 

DimnoN 

OOimOIlMT OF 
TXBUBIim 

■{ 

■p. J 

9 

& 

1 

1 

9 


4.08 ±0.65 


1 

9 

21 

16.24 ±0.41 

2.79 ±0.29 

17.18 ±1.84 



19 

16.32 ±0.41 

2.64±0.29 

16.18 ±1.82 


17 

16.24 ±0.40 

2.46±0.28 

15.15 ±1.79 



100 

16.36 ±0.25 

3.74 ±0.18 

22.86±1.16 

9 

10€ 

17.66 ±0.18 

2.72 ±0.13 

15.40 ±0.73 

{ 

d' 

9 

17.89 ±0.82 

3.63±0.58 

20.29 ±3.36 

,9. 

12 

16.67 ±0.45 

2.32 ±0.32 

13.92 ±1.95 


d 

65 

17.53 ±0.30 

3.57 ±0.21 

20.37 ±1.25 

9 

78 

16.10 ±0.26 

3.41 ±0.18 

21.18 ±1.19 

{ 

d 

13 

17.08 ± 0.38 

2.02 ±0.27 

11.83 ±1.59 

9 

19 

15.95 ±0.37 

2.37 ±0.26 

14.86 ±1.66 

p, 1 

d 

59 

17.76 ±0.26 

2.97 ±0.18 

16.72 ±1.07 

9 

56 

16.73 ±0.25 

2.74 ±0.17 

16.38 ±1.07 


d 

61^ 

16.30 ±0.21 

2.39±0.15 

14.66 ±0.91 

1 

9 

58* 

16.19 ±0.24 

2.74 ±0.17 

16.92 ± 1.09 

■■■{ 

d 

8$ 

. 15.78 ±0.18 

2.48 ±0,13 

15.72 ±0.82 

9 

96 

15.42 ±0.16 

2.35 ±0.11 

15.24 ±0.76 

Fi. 1 

d 

133 

26.77 ±0.65 

11.15 ±0.46 

41.65 ±2.00 


no 

23.57 ±0.54 

8.43 ±0.38 

35.77 ±1.82 

P« 1 

d 

67 

19.02 ±0.53 

6.48 ±0.38 

34.07 ±2,20 

9 

91 

18.01 ±0.27 

3.83 ±0.19 

21.27 ±1,11 

Pu 1 

d 

93 

18.424:0.27 

3.93 ±0.19 

21.34±1.10 

9 

78 

18.05 ±0.23 

3.05 ±0.16 

16.90 ±0.94 

Pu..... 1 

d 

75 

16.63 ±0.21 

2.66±0.15 

15.94 ±0.90 

9 

67 

17.21 ±0.23 

1 2.78 ±0.16 

16.15 ±0.97 
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TABLE? 

tkmdard demtionSf and co^^UcUnti of vanabUity in 'croioed^n^and'- 
stkM* itria € avbjected to high tmperatnre 




FAivm 

ansewxa 


•BX 

Nam- 
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Umos 

Nam- 

bar 

Ume 

^k . 

Stindud 

deriatioa 

Goeffi<d«ntof 

nmbilitr 


d* 

7 

28.57 

83 

39.73 ±0.60 

8.13±0.43 

20.46±1.12 

9 

7 

22.43 

95 

33.77 ±0.66 

9.48±0.46 

28.07±1.48, 



1 

63.00 

37 

48.64 ±0.61 

5.53±0.43 

11.37 ±0.90 

9 

3 

42.67 

39 

45.46 ±0.83 

7.65±0.58 

16.83 ±1.32 

{ 


1 

55.00 

11 

53.64 ±0.99 

4.85 ±0.70 

9.04 ±1.31. 

9 

2 

50.50 

7' 

42.86±1.40 

5.51 ±0.99 

12.86 ±2.36 

F«.;.... 1 

<? 

n 

58.64 

44 

47.93 ±0,39 

3.S8±0.28 

8.10±0.69 

9 1 

7 

42.88 

40 

48.35 ±0,69 

6.4S±0.49 

13.34±1.02 


d* 

8 

49.87 

15 

49,73 ±0.43 

2.46±0.30 

'4.95 ±0.51 


9 

12 

52.76 

16 

50.06 ±1.05 

6.25±0.75 

12.49 ±1.61 

F«„.,..| 


15 

49.73 

11 

51.09±0.77 

3.78±0.54 

7.40±1.07 

9 

16 

50.06 

16 

52.19±1.10 

6.54±0.78 

12,53±1.52 

F„.....,| 

d* 

11 

51.09 

36 

49.37±0.43 

3,80±0.31 

7.70 ±0.62 

9 

* 16 

52.19 

1 24 

50.96 ±0.67 

4.84 ±0,47 

9.50±0^3 


TABLES 

Meano^ standard dooiationSf and coBfficisnts of vaTiability in a ctcss of a long 
vedigial'^nged ifudo and short vsstigial-wtnged females, under high temperature 
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Fi..... 1 

M 

89 1 

1 

o 

-H 
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3.92 ±0 
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17.32 

±0, 

.90 
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d* 

56 

40.14 ±0. 
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10.04 ±0 
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25.01 

±1 

.69 

9 
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31.64 ±0 

.58 

9.83 ±0 

•41 

31.07 

±1 
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Average of UngtA of veetiguAwingt of males and females u^*£r^ied'^^s>iinS§i^^ 
* series C subjected to high iemperfUvre 
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I. INTRODUCTION 

Land isopods, commonly called sowbugs, have always, been of 
interest as the only Crustacea which are truly terrestrial, ]How^ 
ever, most previous studies of the adaptation of this group of 
animals to a land environment have been devoted only to the 
structure and function of the respiratory organs. The behavior 
has been almost entirely neglected. Behavior studies, always of 
interest to comparative psychologists, have been made increas- 
ingly important by the recent development of animal ecology 
into an experimental science, in which behavior is as a test 
of the influence of environment. * This use of behavior investi- 
gations is emphasized in the general ecological works of a 8^ 
(IS) and Shtford (’13), and has been applied by Banta (’Ift), 
and Allee (’12, '14) to the study of fresh-water isopods. 

The present study of land isopods has therefore b^ unda*- 
taken in order to learn if their behavior is of ecological im- 
portance. The plan has been, l)^o study the reactions to in- 
dividual factors of the environment, and 2) to find out if these 
reactions assist in fitting the animals in question to occupy th^ 
present habitat. 

This paper reports a study of the behavior of land isc^wto 
with respect to one of the most important environmental factom, 
namely, light. Although the results are consid^fed al^ ftom tjic 
standpoint of the problems which particutoly inter^ ^ 
dents of animal behavior, the ecological viewpoint has beeh^^f^^^ 
guiding principle throughopt. 

The experiments carried 
Brown University. I widi to t 
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and of fche labOTatory for the opportunities and facilities 
ft^^research whidi were furnished me. My greatest debt is to 
H. E. Walter, under whose Supervision the work was done, 
fqf stimulating my first interest in behavior studies, and for helpful 
and mticisms at every stage of the investigation. 

n. HISTORICAL 

While naturalifits have commonly concluded that land isopods 
are natively phototactie, very little experimental work has 
been done on their reactions. The papers of Cole (W) and 
Torrey and Hays (14) appear to form the entire literature on 
thesubject. 

Cole (W, pp. 371 to 375) in “an experimental study of the 
image-forming powers of various types of eyes” found Oniscus 
as^us negative to light, but not so uniformly as some other 
animals, fqr mcample the mealworm (larva of Tenebrio molitor 
Linn.). “Only 45 per cent to 51 per cent of the reactions were 
away from the light, in excess of those toward the light.” Cole 
espo^ Oniscus to iUumination from the side, and recorded the 
pfee where the animal crossed the circumference of a circle 
which had a radius of 10 cm. The intensity of the light used 
varied from 1.5 to 5 candle meters. Cole furth^ found that 
(hdscus shows a slight discrimination between two sources of 
ii^t of different diameters which deliver the same intenaty on 
the animal. 

Torrey and Hays (14), working on the orientation of For- 
cellio Bcaber, recorded that the animal has a negative response 
to light, and may be oriented very accurately, p by a constant 
H^t Wm btod, 2) by a sudden exposure to lateral light, or 
3) by a ‘^sudden exposure to li^t from the front at angles be- 
twto 90® and 15°.” “When exposki suddenly to light coming 
fiiSi the front at angles less than 15®, Porcellio moved with less 
conaistency away from the light, but the reactions were, on the 
whol0i markedly negative.” These authors concluded that the 
of tids species is direct, and is not brought about by 
sd^on of random movements. 
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In the experim^ts of Tomy and HaysiybJK}^^ 
nation was a^azda bulb hdd near &e animal Ho atten^l 
made to measure the intensitsr, but apparently all the work ^ 
done with rather hi^ inteifiities. - - n 

Many of the questions which arke ir^ to & l^t 
reactions of 1^ isopods are not answered by eithyir ot Ihe 
papers just referred to. The preset study is an attempt to 
gain a more thorough understanding of the reacticm of land 
isopods to li^t^ in order to interpret the ecolo^cal dignifie^ace 
of the behavior. 

m. MATERIAL 

The common ^ecies of land isopods belong to the ^jperfamfly 
Oniscoidea and to the family Onisoidae. They are, favorable for 
experimental work because they are abundant, ate generalised 
in their mode of life, and are suited to life in a laboratory. The 
species Oniscus asellus Linn, was used chiefly for the^study, Imt 
for comparative purposes two other common species, Porcellio 
rathkei Brandt and Porcellio scaber Latreille, were also tested 
in many of the experiment#; Complete desmptions of these 
^cies are found in Richardson*s Monograph (Richaidson,^ ^0^), 
it is not necessary to repeat them here. Various points in 
the description important from an environmental standpdnt, 
particularly differences between the genera, are giv©a ip suc- 
ceeding pages. 

As sowbugs live normally under almost any object that fur- 
nishes conceahnent together with a certain degree cAmo^ture, 
and as they frequently invade houses, it is not difficult to du-, 
plicate their natural surroundings in the laboratcay, The^ were 
kept in round ^ass dishes, containing earfli, dry leaves^ and 
bark, and covered to prevent evaporation. To ^ow for pos- 
sible results of differences in temperature, some wea» plaoed in 
ordinary heated rooms, while others wot left out of doof^in 
wooden box^. Attempts to keep them alive outside the huff&g 
during the winter month# were, however, imsuccesrftd. Other- 
wise nmny bf them Bved an ai^jarently n«mal Hfe teeevdrid 
months in the various habit|ts, and some which were kept% a 
warm room produced broods of young in December. 
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ly. NORMAL BEHAVIOR 
A, REACTIONS TO LIGHT 

s r^ipond to photic stimuli by three methods: 
ril, locreased or decreased activity, without orientation* 
pSmtokin^.) 

2. Definite orientation with respect to the Source of light, 
usually accompanied by locomotion toward or away, from the 
lyht (Phototaxis.) 

3* In animals with image-forming eyes^ response to some sort 
of ima^ made upon the photoreceptive cells. (Vision.) 

Inasmuch as sowbugs live in concealed places, the part which 
B^t^normaHy plays in their activity is not easily observed. It 
is, however, clear that they can become accustomed to living 
in tiie ordinary daily rhythm of light and dark, because they 
lived a normal life for weeks in the laboratory under these 
conditions. 

1. Photokinesis 

Sowbugs appear to respond to sudden increases in intensity 
of li^t, both when they are exposed by the overturning of a 
log under which they are conceal^, and, in the laboratory, 
when a near-by artificial light is turned on. Two types of re- 
sponse follow under either of the described conditions: 

1, Increased activity. 

2. Complete cessation of activity. 

If the response is one of increased activity, the animals usu- 
ally keep moving until they reach concealment or, at least, par- 
tial concealment in a crevice. The individuals which are inac- 
tive at first later become active and seek a more protected situa- 
riofi, No sowbugs are left in sight a short time after a log which 
has concealed them is overturned. 

Phototasis 

- j^tllnder tlm coni^^ just described, the light is too diffuse to 
■■b ripg about any definite orientation of the isopods. When, 
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however, they accident^ start to 

ties, a definite phototactic reaction probiably tiW 

into the dark again. This behavior is diffimdt td 

field, and analysis is, moreover, complicatisd 

contact 

Simple experiments show that land isqKKfe have a photot^fe 
response to ligbrt, even when the light is somewhat dffliffie. ife 
example, at 4 P.M. on January i9th, wm the li^t tiering the 
room through a north window was becoming rather diiDj hi# 
viduals of Oniscus, placed on a table several feet from vdn- 
dow, definitely and consistently turned a'vjjay from the B^t 
and traveled in the opposite direction. Such experiments show' 
that these animals have a definite negative phototaxis in 
daylight. 

The experiments in the following sections are devoted to 
analysis of this reaction. 


Land isopods have rather primitive compound e^es,‘ and are 
to be classed among the animals which have the bepnning of 
vision. As they live constantly in' the dark, it does not^seem 
probable that vision plays any appreciable part in iJieir nonnal 
life. Observation of the use of the antennae in ordinary iso- 
pod activity indicates that vision is of much less importan(» 
than reaction to contact in the ordinary life of these animals. 

B. BBLATION OF CONTACT AND VISION 

The antennae, the most important contact organs oj 
isopod, are in constant use during ordinaiy locomoticM. 
are extended in front of the head and the tips are r^eatedly 
touched to the substratum. • The animal often pai^ ai^ wav^ ^ 
its antamae about in the air or rubs them over any object whfeli 
chances to be in its patb. The mitennae are used to 
nature of the arvironment in a way simikr to Hs&t in 
blind person, by passing the finger-tips ov«r (Ejects 
use of a omte when walking, uses the sei^ of ccmtact as a sub^: 
stitute for liie sense of sight. 
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isopod is at rest, the antennae are often spread on the 
brfore it. They are fm^uently moved independently 
cl the body either just before locomotion begins or, 
at the momeat when the animal pauses before chang- 
direction of its course. When the animal is stimulated 
b^jdlreetiye li^t, similar movements of the antennae usually 
ooeiff brfore locomotion is started. They are described by 
Hays ('14) as analogous to the so-called ^random 
miswjBsnehts' of the earthworm or blowfly larva. 

Another common movement of sowbugs, bothduringordinary 
activity imd when stimulated, is that of ‘wiping’ or ‘cleaning’ 
the antennae. Thil ‘cleaning,’ which occurs in other higher 
Crustacea as well, consists in passing the first walking leg over 
the ant^ana as if cleaning it. 

The importance of the antennae is shown further by observa- 
tion of the locomotion after the antennae are removed. Without 
, fffitennae, obstructions in the path are not usually avoided until 
the head or the anterior walking legs come in contact with them. 
On the other hand, according to Torrey and Hays (’14), “totally 
blind individuals avoid obstacles with the ease of normal indi- 
vidu^/^ These results following blinding^ and removal of 
antennae indicate that the eyes are not normally used for vision. 

V. EXPERIMENTS WITH DIRECTIVE LIGHT 

A. APPARATUS 

The experiments were performed in an experimental dark- 
room in the basement of the Arnold Biological Laboratory, 
Brown University. A description will be given of the apparatus 
which was employed after applying the ‘trial and error method’ 
to the devising of apparatus, A table, 122 x 75 cm,, painted 
dead black, was placed in the center of the room, under a con- 
vonknt overhead light. This table, with space for the ob- 
was surrounded by a black curtain which cut off both the 
froah the ventilator of the room and reflections from all 
dejects which were not painted black. 
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Athene of thetiai^was^pliused 
inside and outedde, containing tiie sotni^e of Q()^iia% 

250-volt Ma^ lamp. To insure symn^cal iitasiia»laonj <tf 
both sides of the field; the lamp was placed in a vertkal podfam 
in the box. The light passed out through a homontal 
41 X 8 mm.; in a di^hregm. The low«r of this dit fi 
mm. above the table top, insuring the illummation of the tofisee 
of the table and at the same time allowing the 11^ to stfite 
the eyes of the isopod from a horizontal direetkm. The sit was 
covered with thin paraffined paper in mder to make a source <i 
even illumination. The relation between t|e tdble top and tfe 
source of light is shown in figures 1 and 2. 

0 


w 



Fig. 1 Vertical diagram of apparatus: mn, table top; P, diaphr^l^ s, aUt 
in diaphragm through which lij^it passes; L, light; W, rectangular jar o! distUlsd 
water to cut out heat; p, position where animals were placed; mPt path df Uj^t 
to point p. 


A horizontal field, 60 x 40 cm-, divided into squares 10 cm. on 
a side, was marked out or ti. . part of the table nexk to the 
light (fig. 2). This gave an area with the intensity gi'idutfy 
diminishing both from the source of li^t to the opposite end 
of the fidd and from the center to i^e sides. the _^^t in, th^^ 
diaphragm throu^ which the light passed was only 41 % 

dark comers (fig. 2, c and c'), were left ^ the sidm ^ 
not included in tibe experimental field, Bl^ sbrips erf w^ 
were placed along the lines c/ and i i to shut off. ; 
reflections. The diaphragm was 5 zmn. from the ^ 
field. , , ; ’ I 

i, In most of the experiments the animals w^ ( 
light after they had been placed in the center (rf the,fidd> 


BBACnOim OF LAND IBOPODS TO LIGHT 201 

36^ Wit from di^hragm and 20 cm. from the sides of the 
A drcle with a radius of 10 cm. was drawn about this 
a center, and was divided into sixteen sectors, which 
iHnid)ered 1 to 8 on each side of the central axis wn 

(%5IK 

Ute intensity of the light was measured by mean? of a Mac- 
beth iBuminometer, which was kindly loaned by Prof. W. E. 
Klner^, of the Engineering Department. Intensities in candle 
meters {C.M.) of the principal points of the field, determined 



Kg. 2 HoriBontiU diagram of apparatus: efghjk, experimental 6eld, divided 
into squares 10 cm. on a side, with a circle of 10 cm. radius at the center; mn, 
(^tral axis of feld, receiving the most intense light; c and c', dark comers; B» 
box containing hght; L, light; D, diaphragm; s, slit in diaphragm; W, rectangu- 
lar jar of distilled water to cut out heat. 

eiorly in teie experiments, are indicated in figure 3. The inten- 
^ies at three points along the axis mn, i.e., at 20.5, 30.5, and 
40»6 cm. from the diaphragm, were determined with considerable 
a^^acy. The intensities of the other points indicated were less 
ft^ly determined, due to the angles at which it was necessary 
tp yn jf^A the readh^ and to the rapidly decreasing light on the 
of the field* This difficulty will account for the differences 
m ite readings fr the two sides. The constancy of illumina- 
timt tibroughout the experiments is indicated by a reading of 
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12.79|C.M. for % centra pc^t, lo^e dx wedcB after'the r^- 
ing of 12.956 G.M. record^ in figure d, - ' 

It can be seen from figure B that an animal starting ^ 
central point will go into a region d diminished Intail^ finiei» 
it travels into the quadrant of ^e eir<fie toward tte source bf 



Fig. 3 jDiagr&m (i| experimental field, showing intenritieB of 14dkt in Odtf. 
at piinoiittl poin% of the field, measured wiUi Macheth iUununpineterf ^ 
bls^ line sl^ws the division of the circle into two parts, negative ai^ pod^ve* 

light. This factfmakes possible a division of the circle intdtfie 
two parte shown in figure 3. If the animal leitVtMi th^ 
the quadrant nearest the l^t; it goes into a re^n o^ inere^d 
fllumination, imd hence ^ows a positive r^sponsib. ff it 16 
any c^«r direction/the response - 
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For convenience in naampulating the anknals, amall cardboard 
bdxea were used, a little longer than the animal and just wide 
^^ough to enclose it without allowii^ it to turn around (fig, 4), 
'pien the sowbug had been shoveSd to the desired position, the 
boj was r^oved, and the course taken by the animal was 
observed and recorded. 

In the experiments the isopod was tested successively in four 
different positions, namely, facing the light (A), facing away 
from the light (B), with the right side ill umina te (C), and with 
the Irft side illuminated (D). ^This was to eliminate errors due 
to a possible tendency of the iaopod to travel in the direction 
in which it was already headed. 



Hg. 4 Diagiram of frame with which animals were manipulated on the 
tal^e top. 

The reactions were recorded on printed sheets of paper like 
that shown in figure 5. It contains four diagrams of the experi- 
mental field, the squares corresponding to the 10-cm. squares on 
the table. With Ihe aid of the squares it was possible for the 
observer to duplicate the course of the animal wilh considerable 
accuracy! The four diagrams were used for the four positions 
B, C, D just referred to. Each record consisted of twenty 
ffve each in the four positions. These were made in the 
At C, D, A, etc., to avoid effects of immediate repe- 
or the same stimulus. The responses were numbered in 
k which they occiunred in the series. Figure 5 is a 
tjpcal record of the reactions of a normally negative Onisous. 
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B. NORMAL REACTIONS 

The actual record of the single set of responses shown in figure 
5 pves an idea of the usual behavior of (Mscus. That this in- 
dividual was unquestionably negative to light is shown by a 
cwpariscm of the reactions in the four positions. The only in- 
slwice in which the animal continued in the direction in which 
it was headed occurred when it was illuminated from behind^ 
and movement straight ahead carried it away from the light. 

In all other oases it turned very decidedly away from the source 
of illumination. 

"Three different conditions may be noted in the activity of the 
animal when the box was removed, exposing it to the light: 1) 
iie anifhal had not come to rest, and merely continued in locomo- 
tion; 2} the animal had come to rest, but started locomotion at 
once when exposed to the light; 3) the animal had come to rest, 
and did not start locomotion at once when exposed to the light. 
On account of this variation in the initial conditions, these ex- 
periments with directive light do not show whe^ier locomotion 
was Jh effect of stimulation by^ light. The matter is further 
by the fact that handling the aDimals may have had 
an a^^ating effect, an inhibitory effect, or, as is most prob- 
able, sometimes one and sometimes the other. However, as these 
experiments|were a test only of the directive influence of light 
when the animal was already in locomotion, the question whether 
more than one of these factors entered into the cause of the loco- 
motion need not be considered. For this reason no record was » 
made of the interval before response in most cases. Whei^ there 
was a delaj before respqpse, the antennae we^e often kept 
moving, particularly just before locomotion was started, al- 
though few if any of these movements could properly be called 
^trid movements.^ 

Much individual variation was observed. While the direc- 
tion of locomotion was usually determined by the light, there 
iimie many turns and circles, the causes of which were not. so 
easily analyzed. An example is shown in figure 5, D, response 
m8. 

ITPWniKWTJU. BOSUNIT, VOL. 27 , KO. 2 
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An examination o! a large munW of ahoi^red 

Oniscus is deddedly negative to light This ccmduaEm kdip^ 
best; however; by applying to the records more 
of analysis, in orcter to ^ve a cleaier idea of w|^t & inwh^ ih 
the negative reaction. Three method will be des<aibed oiii 
basis of results obtained while studying the*individual brfmvkr^ 
of these isopods on successive days. The three animals whi<A 
’will be particularly considered are designated as .A 10, A 11, 
and A 12. They were placed in all cases in the center of the 
field; as in the typical method described; and exposed to an 
average intensity of 12.955 candle meters. ' 

In making each record, the sex of the animal was recorded. 
However, no differences were found between the reactions of the 
two sexes, so that the results of both were used indiscriminately 
in compiling tables and angles, 

1. Positive and negative respome—jirst method of analysis 

This method^ of tabulating results is shown in table 1, which 
summarizes the results from Oniscus A 10, extendinn over 
seventeen days. 

Responses axe classified as positive or negative according to 
the grouping explained in figure 3. When the animal crossed 
the ctfcle within the positive quadrant, the response |ras recorded 
as positive; otherwise, it was considered negative, because the 
animal went into a region of dinunished intensity. The letters 
A, B; C, D refer to the four positions in winch the ^mal was 
plaee^ with reference to the light. 

The results axe given in percenta^ of each kind of responSffe 
The positive responses number, 5.9 per cent, and ihe n^tte 
responses, 94.1 per cent. The variation in the fom columi» 
A, B, C, and D is slight, showing that the direction in which 
isopod was headed made little diff^ence in the nature of the 
response. This Oniscus was thorougb^ neptive to 
{d^u^ in a few isokted Instances it went toward^^ ti^ 

If th» positive response were 25 p^c^t of tim total, it migl^f be 
concluded that the animal was indifferent to fi^t, as the |^ 
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ofOmtctu A 10 to diractm light of ItMB CM,, rmite of My 

hMofotird&yiy made with theming facing thoiigH {A), f^^ 

- ; ihi (B), and iUumnaUd on the right {€) and Uft (0) sid$i 



1 

PORBTB UAOHOW 

HMAnTi auonow 


_ii 

B 

c 

n 

Total 

A 

B 

0 

n 

Total 

1 





n 

5 

5 

5 

5 

m 

2 






4 

4 

4 

4 

16 

3 




2 

n 


D 

5 

3 

16 

4 





n 


5 

S 

D 

wm 

S 




1 

n 


5 

4 

4 

17» 

6 




1 

1 


5 

5 

4 

18 

7 



1 


1 


2 

3 

4 

13 

8 


1 


1 

2 


4 

4 

4 

17 

9 





0 


4 

4 

5 

18 

10 



1 

1 

3 


o 

4 

4 

15 

11 

2 

1 


1 

4 

3 

4 

4 

4 

15 

12 





0 

5 

4 

5 

5 

19 

13 

1 




1 

2 

3 

4 

3 

12 

14 






4 

4 

4 

3 

15 

IS 






4 

5 

3 

4 

16 







1 

3 

2 

2 

8 

If 






4 

4 

4 

5 

17 

Totai^i; 

6 

2 

2 

7 1 

17 

66 

69 

69 1 

68 

272 

Perceatages 

8.3 

2.8 : 

2.8 : 

9.3 ' 

5.9 

91.7 

97.2 

97.2| 


94.1 


^ When less than 20 responses are recorded, the animal failed to resi^nd in 
the other instances. 


tive section of the field is only 25 per cent of the whole. How- 
ever, the 5.9 per cent calculated shows that the animal was 
unquestionably negative. The occasion when it would naturally 
have gone toward the light if it were indifferent, was when it was 
facing the li^t at the start, but even under that condition it 
tuined away in 91.7 per cent of the trials. 

^ similar tabulation o| percentages is shown in table 2 for 
(httiscus A II, tested for fifteen days. 

- A ii^er record of positiveness was made by Oniscus A 12, 
WUidh reived fifteen daily tests. Most of the positive responses 
eiinrjh the first four days, the animal being 45 per cent positive 
first day; After the fourth day, the reaction was as 
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TAW* I 

Summary of reaction of Oniecue A 11^ to diredtve legH <4 HMt 0M^ 
rmUe of doily UeU for tS daye. Teeta were made m^ ifte aaimal /oet^^ 
light {A)i facing away from ike light {B)t and iUumnated mMf^ ^^^ 
left {D) sidea > ■ ’ •■ 'rv, 
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A 1 

B 

0 
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Total 


B 1 

0 

7 > 

Total 

Totals 

4 

0 

3 

6 

12 ' 

69 

61 

61 


2^ 

Percentages 

6.3 


4.7 

8.1 

4.8 

93.7 

g 

95.3 

91.9 

95.2 


typically negative as that of either of the other individuals just 
described. Table 3 shows how this isopod gradually changed 
from indifferent or positive to negative. 

As an indifferent animal lyould be about 25 per cent positive, 
the 45 per cent recorded on the first day shows a considerable 
degree of positiveness on that day. 

This method of classification shows that these isopods, when 
stimulated by directive light, usually avoid the light by locomo- 
tion to regions of lower intensify. As the light stimiflus is re- 
ceived through the eyes, it is further important to know l^^^ult 
of unequal stimulation d the two eyes. This is dhpT# by a 
study of the angle of the course taken by the animal after it 
has been exposed to the light. . 

OTientaMm~-sec(md m 

As was shown in figure 2, the circle on the fi^t field was 
divided into sixteen sectors, numbered 1 to 8 on each side of 
the central axis m n. If the homologous classes on the right ^ 
left sides are grouped together, the responses of any individual 
isopod can be divided into eight degrees of negativen^, acciml- 
ing to the sector of the circle which the wumal cros^ after 
exposure to the light. * 

The same records which wm summarised jn tables 1 andS are 
shown gi^hically in figures 6 and 7, after tabulation aecordi^ 
to this second method. Figure 6 shows the degree ed negatiii^ 
ness of Qniscus A 10^ the nunawals on the id^cissae eonespoidj^ 
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•TABLES 


of Omiteut A It to dirocUve lighi of ItMS C.M., showing rssullt 0/ daily 
U dayt, TeoU wr$ made with the animd f<icing the light {A), facing 
ai^ ftm the Ught {B), and illuminated on the right (C) and left (0) tidei 
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12.8 
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98.6 


87.7 
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^ A second set of response was recorded on the eleventh day. 


to the eight degrees of negativeness just referred to and the nu- 
merals on the ordinates being the number of responses which 
faft into eaeh of th^e eight classes. The linds A, B, C, D repre- 
sent the four positions with respect to the light in which the 
ftnimftl was placed; while the dotted line is the average of the four 
positions. 

. As would be expected, the greatest degree of negativeness is 
when the animal is headed away from the light, and the lowest, 
when facing the light. As only data in classes 1 and 2 on the 
abscis^ indicate a positive response, all of the curves show that 
fhk i^pod was thoroughly n^ative. There is a clcfie corre- 
spoiid^ce betwe^ the nearly identical reactions in positions C 
and D and lie average for all positions. This indicates that the 
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when the ft nima l is illununated on the side shows the 
: tee degree of negative reaction, and, moreover, that the re- 
suitsin positions A and B balance each other, so that the aver- 
^ m all four positions is a suitable control for the correctness 
results from stimulation on the side. 

Ihe reaction of Oniscus A 12 is ^ven in figure 7. These 
curva show more positive responses than occurred in A 10, due 
to the many instances in which this isopod went toward the 
lil^t'i during the first four days. From the average for the 
entire period of the experiment, it appears that A 12 became 
the more negative of the two animals, because, in spite of the 
degree of positiveness at first, the average in figure 7 shows the 
greafet number of responses in classes 7 and 8 on the abscissa, 
wlale in figure 6 classes 5 and 6 are the largest. In figure 7 the 
correspondence between the average reaction and the reaction in 
positions C and D is not quite so close as in figure 6, but the 
average is much nearer to these than to the reaction^ in posi- 
tions A and B, 

The graphical method shows more definitely what is involved 
in the negative reaction than was shown by a simple enumera- 
tion positive and negative responses. The animals regularly 
turned away from the light in whatever position they were 
oripially placed, except that when they were already headed 
away from the light they nearly always traveled in the direction 
in which they were headed. From this method of analysis it 
may be . concluded that Oniscus is definitely oriented by the 
light and that the response involves something more than 
moving at random into a lower intensity. 

S. Angle of negativenese— third method 

* ; This method was devised to express the degree of negativeness 
of any one individual isopod or group of isopods by a single 
figure, which might be used for comparison with the results ob- 
tained in succeeding experiments. For this purpose the angle 
of negativeness was chosen. This term will be applied to the 
average an^eof the course taken by the animal with respect to 
the ipoarion of the source of light. 
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Tll0 JBeSiod of calculation is as Mows; Each response is 
pwE the number of the sefctor in which it falls as in the second 
method (fig. 2)* For exa;npte, in the records of class A in figure 
4, Iwr of the responses' fall into sector 5 and one into sector 6, 
Tteiawei^e of the five responses is thus 5.2. The middle points 
of the d^t sectors, expressed in terras of angular deviation 
frojn fte ^ntral axis are: 1. 11.25°; 2. 33.75°; 3. 56.25°- 
4. 78.75°;^5. 101.25°; 6. 123.75°; 7. 146.25°; 8. 168.75°. The 
d^^ence between each of these figures and the succeeding one 
is :^50°, or one-sixteenth of 360°. The figure 5.2 expressed in 
angles is equivalent to the angle just given for 5, 101.25°, plus 
two-tenths of 22.50°, making 105,75°, the angle of negativeness 
for the responses recorded in figure 4, A, when the animal was 
facing the light. 

As an application of this method, table 4 expresses the angle 
of negativeness for the reactions which were shown graphically 
in figures 6 and 7. 

The table shows that both of these animals were negative, be- 
cau^ they turned, on the average, at least 90° away from the 
li^t when they were facing the light, and, respectively, 14° 
and 32° away when they were already at right angles to the 
li^t. 

The fact that Oniscus A 12 was positive or indifferent on the 
first day and gradually became negative is shown by the angles, 
when the animal was stimulated on the side, for the first seven 
days of the experiment; 1st day, 78.75°; 2nd, 96.75°; 3rd, 
103.50°; 4th, 85.50°; 5th, 108.00°; 6th, 139.50°; 7th, 139.50°. 

TABLE 4 

Angle of negativsnesa for Oni&cua A iO {tested for 17 days) and A IB {tested for IS 
daifa]. IiUensUy of light 1BM6 C.M. Tests were made with the animals facing 
the light {A)i f^toing away from the light (B), and illuminated on the right (C) and 
^ft (D) sides 


■ 1 

iXOMAL 

A 

B 

c 

D 

TOTAL 

A, B, Or D 

TOTAL 43, D 

10 

96.75® 

135.00® 

105.76® 

101.25® 


104,626® 

12 

90.00® 

15^25® 

148.50® 

119.25® 


122.40 
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As an angle oi negatiyenels of 90^ lepresei^le tiie 

to li^tj the miglefor the first day ||u)ws that 4!^ ipdiv^hial 
was somewhat positive on that day, bewise 
average 11.25® toward the light This accords ya%h ^ 
cent positive response calculated acootding to the ficiat m^hod. 

The responses in any record M into three dasses with req^ 
to the angle of negativeness: ; 

1. When the anhnal is facing the light (position A), it is pos- 
sible to measure only the angle of turning away from thedight. 

2. When the animd is facing away from the light (position 
B), it is possible to measure only the ar^e of turning toward the 
light. 

3. When the light strikes the Animal on the side (positions C 
and D) either the angle of tumii^ away from the light or th< 
angle of turning toward the light can be measured. 

This difference raised the question whether the angle oi 
negativeness should be measured only froin the results in position 
C and D or from those of the four positions combined. A test 
series showed that the results are approximately the same, 
whichever method is used. Of course the smallest angle is ob- 
tained when the animal is facing the light and the lai^t when 
facing away from the light, but these two extremes balance each 
other. The series which shows this is given in the section on 
the comparison of Oniaeus and Porcellio (table 10, page 228). 
Compare also the last two columns in table 4. In the follow- 
ing pages, wherever the ai^e is given without fm^er e3q)la- 
nation, the angle calculated from the positions C and D is 
given. 

Conclusions 

a* The individual isopods which have been considered in the 
preceding pages w«re, except in the instance of one individual on 
a single day, definitely ne^tive to light. This is shown by Hie 
calculation of a h^ percentage of negatm respoi^ and by 
the measurement of the aveiage angles ftese 

animals turned in their movements away tKim me li^t. 
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V leedi^ have been*analyzed are typical for the 
aselhis. The reaction of neariy all individuals is 
wi& only ocoadonal reversals to positiveness. The 
i^^Masey dPthese results will be shown in the experiments to 
I# ^Ciserib^ later in this paper. 

e. Nothing has been said as yet about the reactions of Por- 
oel&d. TJie two species of Porcellio are also negative to light, 
but the reaction is less consistent than that of Oniscus, The 
diffffl^ce between the two genera will be shown repeatedly in 
the following pages, and, finally, will be summarized in the sec- 
tion on the comparison of Oniscus and Porcellio. 


C. MODIFIABILITY OP THE LIGHT REACTIONS 

A consideration of the ecological importance of isopod be- 
havior involves the question whether the behavior is constant or 
is mily modified by environmental changes. Shelford has 
pointed out the fallacy* of the assumption that the behavior of a 
given species is a constant characteristic, whatever the environ- 
mental conditions. In recent studies of fresh-Vater animals 
(Shelford, T4) and marine forms (Shelford, 16), he has shown 
that behavior characters belong to a community even more than 
to a species, and that behavior differences between individuals 

a sh^e species from different habitats may be greater than 
those between widely diverse species which occupy the same 
habitat. 

As an illustration of this principle, Allee (12) has shown dif- 
ferences in the rheotaxis of the fresh-water isopod Asellus com- ' 
munis Say, according as the individuals tested came from ponds 
or drom streams. 

Modification of behavior, however caused, is shown in many 
ways, of which the three following are important : 1) by a par- 
tkd or entire failure to respond to the stimulus; 2) by an inten- 
sification of response; 3) by a reversal of response. Allee ( 12, 
14) obtmned the first two of these modifications by subjecting 
Aafflus to various emerimental conditions which eh^iged the 
metabolism of me animal. He found that conditions similar to 
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thoseof stream life induced idefimtep positive ibeolam 
isopods, while conditicms similar to thos^ pcmd^life 
the rheotaxi's of stream isopods. Ihat diSerimed^^ a^ 
adaptive is shown by the fact that reaction to euir^ishs|K)^^ 
in the normal life of stream forms, but of less sigmfie^ce for 
animals tl^t live in quiet water. ' 

The third result, a reversal of refuse, has be«i 
various animals, due to many different causes. The work^ <^ 
this subject is well summarized by Holmes C16) in a chapter 
entitled "The Reven^ of Tropisms.” 

The following problems were undertaken, in order to learn 
whether the behavior of land isopods is constant or is easily 
changed by external conditions : 

1. Reaction to various intensities of fight. 

2. Effect on reaction of repeated stim^dation by the same 

light intensity. » * 

3. Comparison of reactions foUowing^exposure to light and 
todark. 

4. Compari^n of reactions of individuals from dry and moist 
habitats. 

5. Reaction in water. 

1, ReacUmto differmtinteri^^ 

a. Average intendtm. Studies of the effect of different in- 
tensities were easily accomplished by placing the isopods at 
various distances from the source of light. The iptaisities at the 
» points chosen furnished a range from 3 to KX) C.M. The actual 
int^ties, as detennined by the iUuminometer; are 
below. 


roonoir 

oanAMOB nou Duramot ( at ) 



m. 

CM^ 

1 

* 10.6 

07.28 

2 

20.6 

26 . 62 , 

3 

3()“6 

12 . 066 " 

4 

40 v 6 


h 

60.6 


6 

60.5 

2.08 
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test ww iDAdQ by tbpee methods: 1) testing individual ani- 
a series of days, each day at a different intensity; 2) 
te^g aeveiW animals from the same habitat on the same day, 
ea^axiimalit a different intensity, and 3) trying the different 
intensities hi turn on each animal. 

The experiments ishowed that the response is in general the 
sii&c to.all intensities which were tried. If an individual isopod 
is, native it is negative to all intensities, while if it is indif- 
f(^t, it is alike indifferent to all intensities. This result was 
obtained by all three of the methods described, so that the 
different methods furnish a check on each other. 


Gn4es of 



Fig. 8 Reactions to light of different intensities. Two individuals of Oniseus 
(23 and 25) and two of Forcellio rathkei (24 and 26). Numbers on abscissa indi- 
o&le distances in centimeters from slit in diaphragm through which light pams. 
Intensities at each of these points are given in the table on page 216. Numbers 
on ordinate indicate the eight degrees of negativeness shown in figure 2. Shows 
no Gonsisient variation corresponding to the intensity. 


The third method is perhaps the most satisfactory, because 
it eliminates errors due to differences between individuals and 
to variations in * physiological state^ on successive days. It has 
thoidisadvantage that the result is based on four responses only 
(one in each portion) at each intensity, rather than on twenty 
responses. 

lie of four, isopods, classified according to this 

graphically in figure 8. The numbers on the 
he distances from the light, which correspond 


mediod, shown 
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to the int^ities given in tile abov»tabIe» vrhite tha niiixdl»^ 

on the ordinatee refer to the ei^^t degreea 

cording to the classification of figure 2. ; - 

In the diagram the reactions of the two individuill of (MIscub 
(A 23 and A 25) are represented hj[ s^y straii^t fines, 
ing approximately the same native lesp^se to afi inteoffi 
used in the experiment. Porcellio rathka (A 24 and A Wj 
has the usual variations fm* the species, but tiiese bear no rela- 
tion to the intensity. The figure merely illustrates graphic«^y 
the conclusions given above. * 

When tested by the first method described above, Poroelfio 
scaber gave its normal reaction also at a point 5.5 cm. from the 
diaphragm, where the intensity was approximately 400 C.M. 

6. Low iniensiHes. Some species of animals which are nor- 
mally negative to light are indifferent to low intensities, while a 
few are positive imder the same conditions. For this reason, a 
series of tests with low intensities was arranged. These intensi- 
ties were obtained by using Mazda and carbon lights of lower 
power and by increasing the distance between the isopod and the 
source of light. 

After finding Oniscus negative to intensities of 0.859 C.M. 
and 0.648 G.M., a final series was tried with intensities which 
were too low to be measured directly by the illuminometer, but 
which could be calculated from illuminometer readings at oj^er 
points, according to the law of inverse squares. The results in 
this series, given in table 5, represent the Mcrion of ten individ^ 
uals each of Oniscus and Porcellio scaber at each iatffljdty, the 
figures referring to the average reaction for each individt^, 
rather than to the individual responses. 

As the animals were tested when facing the li^t only, liiofie 
which went toward the light were perhaps indifferent iiistead of 
positive. 

Tablets shows that Oniscus was negative, even at these low 
intosities. This was shown so strildnj^y by the t^t at::^te 
lowest intensity recordM (0.0119 C;M.) that avftiith^ 
scription will be given 6f this particular e^perimeat. Tie 
illumination the M>le was so ^|^it that the sov^^igs wew 
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Im lumbers r^er to the weragt f«aca'(m« 0/ 

individual mpods 



aMost invisible, although scarcely 30 cm; from the eye of the 
observer. A faint reflection on the chitin covering made it 
possible, but not easy, to determine the position of the animal, 
particularly during locomotion. Of course the actual hori- 
zontal illumination which reached the eyes of the animal was 
considerably greater than was reflected to the observer above. 
In spite of the fact that the light was so dim, Oniscus turned 
away from it as definitely as from the stronger intensities be- 
tween 1 and 100 C.M. Nearly all of the individual animals, on 
sta^ng locomotion, turned directly away, without describing as 
large an arc as is common when higher intensities are used. 

As a control for this experiment, ten individuals of Oniscus 
w^ tested immediately afterwards in total darkness. The 
result showed no orientation to any external stimulus, and in 
most instahces locomotion Was in the direction in which the 
aniiniik Were already headed. The actual course taken was 
determined by means of a flashhght after the isopod had been 
in dm dark long enough to start in a definite direction. As all 
cmsditions except exposure to light were the same in the control 
asWthe experiment, the results with low intensities must have 
^Ay to the light. 

- Accordihg to Patten (17, p. 260), “It is the abruptness with 
• Wlrinh ori^tation is attmned, rather than the final accuracy of 
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orientation, wych ghop the regultg (rf:' 
effectiveness of t^ 
abrupt and ^ definite orientation of Oniseua 'td Idv 
indicates that Oniscus is extreindy gendril^ to. 
definitely oriented by light. 

The reactions ctf Porcellio 

more variation than thoi^ of OniscUB, but they are in the ihain 
negative, and essentially the same as the reactions to in- 
tensities. They show that Porcellio, as weH Qmscu^* Is re^ 
sponsive to extrfeidy low int^ities of light 

These results are particularly interesting, bej^usaBanta (10) * 
found Asellus cgjnmunis unresponsive to l^t oCp inteiwity of 
1 C.M, or less. Jls will be conside|ed later, 
ceUio appear to. more sensitive to li^t th^i is 
common fresh-water * isopod/ 

The conclusion to be derived from the^ experimenfe ;ifi that 
land isopods are ^nsitive to a wide ritnge^of I ‘ 
their reaction lo yi intensities is e^ntially the same. 


’,B. Eifecl of repeated simulation 


A second condition which might 6hai^ or reverse the reac- 
tion is repeat^ stimulatiop. ,For these ^cperimei^tuOmse^,^ 
since it is defihitefylie^tive, was chos®, in order toIwill^.J(W a 
possible reversal from negative to Jfesitive photptaxisl The ' 
animals were pla^ facing the light, so thSt every deprive re- 
sponse would heCessarify mgaji a definite turning aws^l^ the ' 
source of thd attoiulus. Records were made in -eadi instance " 
of the coufse fakin and of the intfrval before response. When- ' 
ever no response- occurred during sixty seconds, teresult ps 
recorded as “no-r^ponse,^ixty seconds.”^ ^ ‘ 

Sixteen individuals were used in these eixperiments 


given* a vailing number of successive stimuli; o^e aWmd^ie- 
ceived^OO succesrive stimuli, three re(^ived;fiO,pQyj^y^#, 
five ^eiyed 30, ^ r€§^yed^^^^ Tbejpng 

testi^ ar^^ne an^ wii one hour. TheJiB^ ^I 
tioned, whicfi jaye 100 ^pur, i 

active. 
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TABLE 6 


^ 8k‘rttrfa(wn on Omscu*. 

the Hghi ins^ms. It0mity Itm CM. 



■ ITOWl* 

or tKDITlPTJALB> 

AmLi or 
NIGATITXKBflS 

INtSRVAfc IJf »CONl>S 
BirORI BI$POM8l 


16 

81.00“ 

9.25 


ll 

78.75“ 

21.01 

s - 

' 10 

* 87.^“ 

25.60 

' ^ m-# 

’ 5 

90.00® 

15.56 

'41^ 

4 ‘ , 

91.125“ ^ 

16.875 


1 ' A 

1 81.00“ 
ii~ 

26.626 


V^fhfl QU^bdi^in. this column diixtii]wv, because the tests of only four indi> 
viduaS were edbtinu^ through 60 stimuli, others extending only to 40, 30, and 20. 



by dividing^ th? responses into 
sueces^?^ ifepoDses and injuring the aver^ 
negativ©!^. ' ’ • 

wbmh snmroar^ the reactions of these sixteen ani- 
ows no i^u^ce repetition upon t&e character of the 

ohs^. ■ ■ V 

; from the light was as definite after sixty 
as at .first. . 

W;^e<st was cau^ by the dela]f is shown by a lessen- 
“li^y as is indicated by ^ interv^ before response, 
Ip last column of table , The ^figures are only ap- 
all deiay^ over 60 seconds were counted as 60 
l iaakmg the aver^^ "fee essential conclusion is 
first few triakHihere is u^uall^ a slight decrease 
8, but from tot oir there is little change, 
deb^j^liprobdblj^due cMy to the eiecte o( Handling, as a 
: sioailar^laf oci^ as imcfily when the aniinals are moved 
a4^ W ffiaiable by to same method of manipulation, but not 
to'^^t at all. 

^hile. there were changes in individual behavior 
^ niit shown in the above table, there was no conastent 

“^'■''(ptaris whidi could be traced to to effects of repe- 
ind^ytduab the angle of negadvenmidecTeased 
a, in otorlht indtosed,^, while in still 
I'^toougb both of to^ variatlbcB successively. 
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■ TAWa 7 ' 

Andytis 0 / the reaction o{ OnU^ F g, ezjpo^ tol^M^ 


UtfOWIi 

AiraLB ov maAmmii ' 


1-10 

. , 49.60* 

' 'v, 5.5- .' 

11-20 

90.00*^ ■ 

7.0 

21-30 

96.75* 

7.0 

31-40 

74.76* 

3.0 

41-50 

81.q0* 

io 

51-00 

94^ 

16.0 

61-70 

71-80 


m 

"7,0 

81-90 

51.75* 

V.0 

91-100 

42.75* 

0.0 


Some individuals appeared to Hire out/ others eontinued a<^e 
as long as they* were tested, but no correlation was obeyed 
between delayed reaction and definiteness of turning from the 
light. V * 

As an example of individual rather than of specie#ehavioi| a 
summary is given in table 7, of the reaction of Oniscus F 2 which 
responded to 100 successive stimuli. 

The characteristici^%f this animal were that it was very ac- 
tive without any diminution of activity at the end of 100 stimuli 
and that it was not ^ negative to li^t as are most individuals of 
this species. In the first ten responses it W£^ indifferent oy posi- 
tive, then it became much more negative for fifty successive re- 
sponses, after which it ^became once more somewhat indifferent. 
These changes are diOTO m' the table by the for tho 
an^es of ne^tiveness. As the a^nal was not nc^tive at the 
beginning, this table does not illTOrate the usual behavior fOr 
the species. s 

From this series of experiments on repeated srimulatJoii ft 
may be concluded that the phototaxis of Oniscus is not chan^pl 
or reven^ by a longweries of successive respcmses. Evm wh^ 
the animals Income gradually less active, th^ centre to 
away fram,the li^t by^as definite an angle as when they wm 
first exp(^ to it ' 
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C(?mpan8(m 0 / reactions exposure to light and to dark 

isopodfi used in the preceding experiments had 
bee|f ffidn|[ m the dark, but some had been exposed to the daily 
ehmm of an ordinary room. No relation was observed be- 
tween the degree of native phototaxis and this difference of 
exposuje. 

The effect of continued illumination by strong artificial light 
was tested in a few individuals, of both Oniscus and Porcellio. 
They were placed in a dark roop and exposed for a few hours, 
and in some instances for a loiiger period, to an electric light, 
with a rectangular glass jar of water to absorb the heat, be- 
twe^ the %ht and the terrarium. While m<^t of the experi- 
ments already described furnish a suitable control on these 
results, additional tests were made, using animals which had 
been placed in a dark comer of the room during the time that 
the other individuals were exposed to light. In a few instances, 
the same a n i m a l s were placed alternately in the two habitats. 

A comparison of the reactions of isopods from these two 
sources is shown by the diagrams in figures 9 and 10, and by the 
angles of negativeness in table 8. 


TABLES 

Compmson of the angU» of negativenesSf foWmng exposure to artificial light and 
to darkness. Oniscits and Porcellio rathkei 



The results after exposure to light are compiled from five indi- 
viduals each of Oniscus and Porcellio rathkei. The control for 
Porcellio is compiled from records for ten individuals. That 
for Oniscus is a summary of the daily reaction for fifteen days 
GUIscus A 12 (tables 3 and 4, fig. 7), wkch was a member of 
tfe oonteOlMdes. In the charts, the ei^t degrees of negative 
are represented by the abscisiae, while the ordinates 
in<ficate the prc^iortional number of response, all the curves 
beii^ drawn to the same scale. 
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A generic difference ai^)6axs in the resuitsi: 
live, regardless of previous e^qxHsure, with ^ 
ently uninfluenced by strong light. On the hand, 
showed a high degree of positivenek after e3q)o$u|e td 
probable eiplanation for the two naodes in the ourve for Pcr- 
cellio (after exposure to light) is that three out of five indi- 


Numbtr of 



NgfliUr of 



Fig)9. 9 and 10 Compt^on of reactions after eiqposure to strong aiiifiidal 
light and to dark. Fig. 9, Oniecus; Fig. 10, Porcellio rathkei. Numb^ on 
abscissae indicate grades of zu^ativeness shown in figure^. oa oi^ 

nates mdioate number of rwponses in each of the ekases. 
little differnce between the reaitonses of Oniacw uiKiler tb| tw|(^^opQ^(}it|^ 
Fig. 10 shows thst Porcellio was somewhat positive after exposiub to 
Ugbt 
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toted were decidedly positive, while the other two were 
T:1« poffltive aninmla were in fact so decidedly posi- 
Im ftat tto of the three gave positive responses even when 
they wwe headed away from the light. The difference is shown 
in t^ 9, which summarizes the individual reactions of the 
fivfe animals rfter exposure to light, together with a second 
serira of rations after exposure to dark, made two days later 
by appioximately the same individuals! 

In table 9 the numbers are arranged in owler of magnitude, 
but most of the mdividuals appear in both columns, 

TABLE g 


Indtndwtl b€k(inoT in tki specta Povcdlio Tdtkkti after €xpo&ure to light and to 
dark. Intensity Itm C.M. ' 


note UOHC (KOVIMBliB 24) 

nou DABK (movjuibbb 22) 

IdtfitifieatioD number 

Angle of negative- 
neea 

Identification a umber 

Angle (rfnegatlvB- 
jum 

B8... 

31,25'’ 

Cll 

76 50* 


31.26® 

C12 

78 75* 

Bll.. 

42.75“ 

CIO 

lOSJW® 

Bi2 

99.00® 

CIS 

126.00® 



130.50® 

C9 

139.50* 




Average.... 

67.50® 

A VAT A.gp 

103.50* 





These experiments on the influence of preceding illumination, 
while they Were not carried far, indicate the possibility that nega- 
tive phototaxis in land isopods may be diminished or reversed 
by exposure to strong light. This appears from the experiments 
to have be^ true for some individuals of Porcellio, but the fact , 
that a like result was not obtained from Oniscus makes it less 
wnclusive, 

ik Cimpdmm of reactions of individmls from dry and moist 
haUtats 

T3ie moistee conditions of a habitat are not easily measured, 
blit it k possible to place sowbugs in what must be close to the 
in which they can live, so far as moisture is concerned. 
For a minimuTn nf moisture, they can be kept in an environment 
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80 dry that few indiviidala of Mseim 

ing more moisture in its surmm^ogs than j<kieia 

a maximum, the substratum ean easily be kept aatyrated fith 

water. 

A comparison of the reactions, after keepng isoppds for 
over a month in these two extreme habitats, is in %ira 
11 and 12. 

According to figure ll, Oniscus gave es^t^iy ike sme 
negative reaction regardless of preceding mmMre conditions. 
Both curves are typically negative and resemble each ofiber 
closely. 

On the other hand, Porceilio scaber (fig. 12) from the dry 
habitat was somewhat less negative than the same species fiohi 
moist surroundings, but both curves for Porceilio show a con- 
siderable degree of indifference to the stimulus. 

There is, therefore, little evidence that the reaction varies 
greatly according to the amount of moisture in an isopod^s 
vironment. The chief observable difference in the effect of the 
two habitats is an increase of activity under dry conditions, 
which has no apparent relation to the character of the photo- 
taxis. It is interesting that, although, of the two genera, Por- 
ceilio is the more adapted to survive atmosi^eric (tiyness, lack 
of moisture should apparently affect its behavior inore than that 
of Oniscus. 

5 . Reaction in water 

In studying the amphipod, Orchestia agilis, which spends 
most of its life out of water, Holmes found (^16, p. 105) tlmt, 
when thrown into water, these normally positive Crustaceans 
became at once strongly negative. As sowbugs, whm placed in 
water, will remain active for some time before showing ill effects, 
it was possible to try a similar test with them. Five individuals 
each of Oniscus and Porceilio rathkei were placed in a rcctanplar 
jar of water and exposed to horizontal light of an intensity dose 
to tkat used in most of the experiments previously 
The isopods moved about to a considerable extent, %ui 
was no orientaticn with respect to the position of the Ii|^k 
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to uimatuiid condition of being submerged in Water 
iitmn indiff^^t to li^t. 

change from a negative reaction to indifference corre- 
^Cnds to to changes found by Holmes^ in that normal photo- 

Ntf«nb«r4 

^522 ' 



Pksponscs 



7!^. li sad 12 Compariflcm of reactiong after ej^osure to a mmimum and 
mfeT^intp H of envirosniiental moisture, rig. !!> Oniscusi Fig. 12, J*orcelUo scaber. 
N iyi bpfH on ai^cisaae Indicate grades of negativeness shown in figine 2. Num* 
hm hn ordinates indicate number of responses in each class. Fig, 11 show* 
pK^felly ho diffemnce between the responses of Oniscus under the two con- 
dit^S. Fig. 12 shoTO a slight difference in PorcelHo under the two conditions, 
the animals being less negative after living in a dry habitat. 
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iaxis is altered by thromog the toim^ 
is due, according to Holmes’ explanation, to WusQal^^'e^^ 
stimuli. 


6, Cornparison of phoiotaris ini)rUsc^^sHmd Por^d^ 

Id the foregoing discussion many references have been 

to differences between Qniscus and Porcellio.- Any ccmclimohs 

which may be drawn from these experiaients in modifiability of 

behavior will be more clear after consideration of this generic 

difference. * 

* ' 

A comparative study of the phototaxis of Oniscus and: of 
Porcellio is given in table 10, which records the angles of nega- 
tiveness in six series of experiments, most of them alreidy 
reported in the preceding pages. 

' TABUS w 

Companion of angUi of negativenesa of Oniscua and Poreetiio tn «art<ms phoUh 
iazia experimeTita. A, animal fadTig light; B, animal facing away from light; 
€, right side iUnminated; P, left side illumincded 


UATIMAL 

OHUCtja 

POBCILLIO 


Stiminary 
C, D 

Sumnuyv 

A.B.C.D 

Summary 

C,D 

Newly coUected 


WSm 


m 

From maximum of moisture 

123.75“ 

■RfrB 


mm 

Prom mininfum of moisture 


123.75“ 

92.25“ 

87.75“ 

From dark 





From strong light 

114.75“ 



KBPS- 

At different intensities 

128.25“ 


■III 

61.87“ 


1 Porcellio 
I scaber 


I PorceUio 
rathkei 


As the parallel columns show little differences in the |wo 
methods of compiling results, the angles from posifiicms C and D 
wiH be referred to, whenever, in the discussion, quotations are 
made from the table. 

. 1. The phototaetic response of Oniscus was negative, #th 
little variation in the degree of negativeness under the diffi^r^t 
conditions. The averages, from the lowest (117®) to the In^^t 
41M®), shown range of only 18®, which is less tham the diffiat^e 
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bf^ee^ W adjoinii^ classes of the eight grades of 
{fig* 2), The smallness of this range is shown dia- 
^^^^imatically in figure 13. 

v2* Poyodho showed a much wider variation, the difference 



did average aii^es of negativeness under the six conditions, when the animals 
were ntominated on the side (positions C and D). PorcelUo has a wider range 
Uiati (^ilseus^ part of the averages showing a slight turn toward the light. 

whidbi shows a considerable degree of variability. In what were 
prol^bly the more normal of the conditions (i.e., when newly 
coHoct^, from a dafk normal Habitat, and from a maximum of 
mpi^ture), the reaction of Porcellio was negative, but, after con- 
tmu^ exposure to strong light and when ^osed successively 
to light of different intensities, the reaction tended to be positive. 
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cEABLm mmm 

The reactions of the two species of Poroeffio 
experiments^ to be essentially alite) iu> eempars^ineTteiits 
were made. The present pap^ deals on^ pmm 
differences. 

3. Oniscus was mm*e negative tk^ Porcellio to 
tions^ in which comparative experiments were 

shown in figure 13, the rai^ of reaction m 'Fori^o was nmch 
greater. Furthermore, a decided reversed of fifom 

negative to positive was observed more frequently in For^^ 
than in Oniscus. While in mo^ instances fhe cause of this fe^ 
versal was not determined, pe apparent ctose in ttt case of 
Forcellio was continued exposure to strong artificial li^t (fig. 
10, table 9). 

4. To summarize the preceding statements, Oniscus and 
Forcellio are both negative to directive light, but Forcellio is the 
less negative. The reaction of Forcellio appears to be modified 
more readily by changes in both internal and extemal coxidi- 
tions. The possible ecological significance of this difference 
between the genera will be considered in a later section. 


7. Concltmom 


The reaction of Oniscus is :^ative under nearly all of the con* 
ditions tried and ii^ not easily modified. At times in the course 
of the expiriments, individuals of this species have shown a high 
degree of positiveness, but the cause for this occasional b&- 
havior has not as yet been found in any of modifying condi- 
tions tried. The normal negative phototaxis was lost .under 
unnatural conditions of an aquatic environment. 


^ In the one instance wliere there is apparentl]r litti^ 4ifi«?enee between the 
two genera, when the animale were tak«i from a nuudmmn of moisture, Um reai 
contrast is shown by a oompgrison of fipnes S and 10. The ariteetiesl mean 
(A.M.), from which the fig^ires % tbe an|^e of negafivenees were derived, was 
rimiiar in the two instances, but the Wue distinction is shown by Urn 
deviation (A.D.), and by ealeulafing t!m ol variability bf the 


foinmla C.V. - 

Oenus. .. . 
Chusdis... 
Forcellio.. 


AJ). 

JM. 


The results are shown in a table. 

fi, A.D. 

*6.1 0.741 

5.8 1.565 


' V 

0.26S 
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to the experiin^ts, the behavior of Porcellio ap- 
peal tor be scmewhat modified by external conditions. These 
were less negative after living in a dry atmosphere, 
after exposure to strong fight, and when exposed successively to 
diffeiiiili mt^sities. The most striking result was a reversal 
to poo^eness vhioh occurred in ceii^ individuals after ex- 
pome to strong light (fig. 10, table 9). 

3 rAs was slmwn in the preceding section, the normal phototaxia 
of PiarCellio i^ows a great amount of variation, and hence it is 
diffiaiit to say to what extent these modifications are actually 
due to the ^Eternal conditions lOf the experiments. 

VI. DISCUSSION 
A. ECOLOGICAL ANALYSIS 

Ecology is the study of the relation between organisms and 
thw environment. Ecological studies deal both with the dis- 
tribution of animals and plants and with adaptation, which 
may be defied as the sum of the structural and functional 
methods by which the organism is fitted to its environment. 
The word adaptation is used withouj: implying any theory as 
to the cause of adaptation. Inasmuch a»the present emphasis 
of Studies in animal and plant ecology is particularly on adapta- 
ti<^ of a physiological nature, the study of aninud behavior 
has become of increasing ecological importance. 

One of the essential distinctions between structure and be- 
havior is that structure, in the main, is dependent on genetic 
rdationships, wMle behavior is closely related to the fiature of 
the Mivirdoment. Without attempting to settle the problem 
wheth^ eiwironment is the cause of behavior, the facts remain 
timt Animals of various structures tend to have the same b^vior, 
0 Ih^oc^py the same environment *(Shelford, *U, 16) and 
individuals of a single species from different environments 
have a difference in behavior corresponding to the eiiviron- 
jm% (Allee, 12, 14; Adams, 15). A particular plan of struc- 
ture may be suited to a wide variation ia environment, pro- 
vided that ihe behavior of the animal varies according to the 
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OTABlJfe 

environment. Beeau»e of this 

annelid worms, gastm^KKls, aiM cniistaeeani^ 

in a wide variety of Iwbita^ feequen% tcfeAertfe^e 

same ecological association. 

The environmentfd importance of bd#ior ctoaict^ isitefm 
further in a discussion by Vestal C14), in #h»h he ceppabes in 
detail five sets of characters-^ructui»Vpbyri<rfogical^^ 
logical, biographical, and nummeal YesM eonriluctes'^^t^^at 
least so far as competition with oth^ aniinals is 
^psychological’ or, as he preferably calls them in another con- 
nection, behavior characters, are acttMy the most important 
of all. ^ 

In order to discuss intell^ently the significance of the photo- 
taxis of land isopods, a partial ecolc^cal analyris of tliese mu- 
mals will be given. 

L Habild 

A habitat analysis may he made on the basis of a table by 
Adams (’15, p. 95), which summarzizes for comparative purposes 
the habitats of prairie and forest invertebrates. The groihid 
stratum of the forest, which land isopods typically occupy, ie a 
re^on where they%fe e^osed, comparatively speaking, to' a 
large amount of humidity, a small amount of eva^rationy ahd 
a fairly jconstant temperature. For ahhmls on^ sli^t^^ 
adapted to land life, these appear to^be the optimum conditions, 

(Sfnicfml and fldap^Ofions 

A brief discusrion will be givrai of a few of the characteri^n^ 
of, land isopods which make possible their living in a lud>itat 
fianishing the conditions just mentioi^ 

* , a» Respiration, Land isopods have a somewhat ^generadked 
crustacean structure, wit-h a hard outer covering of whkb 
prey^ts evaporation of water from the body. Jbe org^ jpf 
respiration,, as in the aquatic isopods, are modMed^,^^^ 
appendages (pleopqds). . The nature of the jmechaaiain 
piration is stiM s(ancM#t subjpqt 
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itiie center of interest in these animals, and recent 
’ StoUer (’99), Bepler (’09), Bemecker 
UttWii (W), MMer (la), and Herold (13). The fol- 
stattem^ts represent perhaps the most widely aceepted 
opdijm among these investigators, 
r Irr^^^vPost and ptobably all genera the thin-walled inner 
’(^^dopodites) of the pleopods are used for respiration. 
They. ai« covered and thus protected by the outer branches 
(exi^pMtes} and are kept moist by glandular secretions. 

2., fflie outer branches in most forms, besides serving as a pro- 
tection for the inner branches, have trachea-like modifications 
for bleating atmospheric air. Of the two genera used in the 
experiments reported in the present paper, Porcellio has these 
structures better developed than Oniscus. Correlated with this 
fact is '"the ability of Porcellio to live in drier situations than 
Oniscus. Of the species of Porcellio, P. rathkei is somewhat 
better adapted to air-breathing than P. scaber. 

3. The character of the endopodites resembles closely that of 
the same structures in Asellus communis, the fresh-water isopod 
previously referred to. The most primitive land isopods, the 
Ligydidae, have ^gills^ closely resembling those of Aselius. 
This seems to indicate that isopods as a group were particularly 
smted to a change from water to land, since only slight modi- 
fications in the 'respiratory mechanism proved necessary. 

K Food, The food and feeding habits of land isopods and of 
Asellus have been investigated, respectively, by Murlin (’02) and 
Banta (10, p. 477). Both kinds of animals exercise little selec- 
tion in their choice of food and take a large percent^ of inor- 
gamc matt^ into the digestive tract with the food. 

c. Care of ymng. The developing young of isopods remain 
in a brood-j^uch on the ventral surface of the female until they 
have devel<ii)ed into the adult structure. Jn this way the young 
are protected during their early existence and no special device 
duih^ the wly stages is necessary to adapt them to land life, 
d^ So far as respiration, feedh^ habits, and pro- 

tection of devdoping young are concerned, land isopods are 
little 4itf©r«it from their aquatic relatives. The isopod plan of 
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structure seems to be miited to torrestriAi^i^ ie^ 4MS aqufttie fife. 
However, laud isopods are ooufiied to a limited^ piaeisoteii^ 
viromnent, and are not suited, like insects, to become 
nant land anmmlB. The fact that tl^ rmiam m the enid^^ 
luent in which they are fitted to surrive is prtdsabiy doe duefiy 
to another set of characters, those whkh liake up the 
These characters will now'be considered. . 

3. ReacHona of land isopod» ■ 

Although the entire behavior complex is involved in ^pta- 
tion, it is possible to make a partial analysis into reactions to 
various classes of stimuli. Among the most important factom 
of the environment of land animals are humidity, evaporation, 
contact, and light. 

a. Reactions to humidity and evaporaUon. So far as observflr 
tion shows, the effect on land isopods of exposure to a dry at- 
mosphere, including the first effect in desiccation experiments, 
is an increase of activity. This is a useful adaptation, provided 
the activity carries them to other regions where moisture condi- 
tions approach more nearly the optimum. 

The problem whether these animals have a definite reaction 
to differences in huinidity and evaporation has not been inves- 
tigated. The most satisfactory method yet devised for nmking 
such tests is doubtless that of Shelford for testing reactions to 
the evaporating power of air. Among the species of animals in 
which he has found such a respoM;(^e|fm?d, 13 a) are sey^^l 
commonly associated with sowbugs, includiig ground beetles, 
salamanders, snails, and the yellow-maided millipye (f on- 
taria corrugate Wood), No similar experiments have thus far 
been recorded for land isopods, but it is quite possible that 
they, too, give a negative reaction to increased |yaporating 
power of air, and as ^ result remain in pbces where evaporation 
is at a minimum. TM somewhat unusi^ occasions when l^y 
visit exposed plac^ may possibly be only at times when 
is a large amount of atmospheric hiunidity. 
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to &mfact. Isopods as a groyp have the g^eral 
€0^^ to contact animals, as is seen best of 
att orn -the oval bodies, with flattened ventral surfaces, which 
efaazaotedse the Oniscoidea. Positive tl^notaxis is doubtless 
an important factor in keeping them in a suitable habitat. The 
sense of contact as a substitute for the sense of sight 
has already been referred to (page 198 ), 

^ to lighi. With the recognition that land isopods 

ai^^htact animals £md that further studies will probably show 
reactions to other classes of stimuli, the part in their normal life 
played by the reaction to light remains to be considered. Since 
studies of the reaction, both to artificial light and to daylight, 
hhv^ shown that sowbugs are decidedly negative, even to low in- 
tensities and since the reaction is constant under most condi- 
tions, it seems reasonable to conclude that negative photptaxis 
is a charactex to be considered in an ecological interpretation 
of these animals. 

Inasmuch as sowbugs usually live in the dark, it seems prob- 
able that during the greater part of the time light is not an influ- 
©atigl factor in their lives. When, however, they accidentally 
wander from their places of concealment, their reaction to light 
may be expected to turn them back again into the dark. Their 
actual behavior out of doors when exposed to light can be ob- 
served when a log or other object concealing them is overturned. 
. Under these conditions, some of the sowbugs become active at 
once, soon #toppearii^ in crevices or under the log, while others 
crouch down motionless. In the latter case, when thigmotaxis 
apparently overcomes phototaxis, the result is only temporary, 
for in a short time no sowbugs are in sight, Although the light 
is so diSuse that it cannot direct their course as unmistakably 
as undjer e)^»erimental conditions, yet its influence seems suffi- 
cieni to carry them to dark places and to keep them there. Fromi 
this i^t it may be concluded that %ht serves as a stimulus to 
^tmni ;th.em b^k whenever they wander into it in the course of 
thde ordinary activities. The same is probably true in the 
early morning; whenever they leave their places of concealment 
at night. 



^ Emm im&n 

The fact that the, reaction of Porcellio ^ptilip^ hite 
periments to be less negative than that of Odseip 
with other generic differences. Porcelllo^ b^use of ^ struettaie 
of its respiratoiy appendages, is better provided for 
rituations than isjOniscus, and hence has perhap less M 
a definite negative reaction to keep it in its proper 

Furthermore, the phototaxis of Poreellio se^ns to be reveled 
from negative to indifferent or positive more easily than fti^of 
Qniscus. This has been observed under natural as :^ili^ii|pii 
experimental conditions. A good example was noted At CoM 
Spring Harbor, Long Island, in July, 1^16, wh^ Poreellio WAs 
found commonly for three or four days on green plants at a 
height of foxir or five feet from the ground. Among the possibie 
causes for this unusual behavior was a partial or coni^iete 
ing of^the ground habitat, but, whatever the cause, it was appar- 
ently accompanied by a reversal from the usu^ native photon 
taxis, with prhaps also a reversal of geotaxis. 

Table 10 also suggests, although in this case it does not offer 
a suitable basis for c<unparison, that possibly Forcepo re^hkei is 
leiM negative than P. scaber. If so, this furnishes a furth^p<®- 
relation, since, as has Wn mentioned, the breathing appendages 
of P. rathkei are, of the two species, the better adapted to ai^ 
respiration, and its habitat is probably sl^tly less restiictedf 

Whether or not it is possible to find my evolutionary ^gnifi- 
cance in this behavior, it is, any rate, worth while to com- 
pare the phototaxis of land and #^wat^^po(is. , The most 
complete study of the light reacti<^ ^^y aquatic iscq)qds 
which has yet been made is that by Bantii 10) . Table 1 1 cot* 
pares the results for Oniscus, recorded 'in the pimnt {»per, 
with Bantams summary CIO, p. 268) of the reactions of Asellus 
communis. 

This comparison indicates that, of the two genera, OHiscu^i^ 
the more definitely* negative. The negative reaction helps . |q 
prevent Oniscus from leaving its habitat in the daythne, wl^i 
Asellus, with no such restricted haWtatf k at 
positive to light. ‘ 
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TABLE 11 

^^f0ri^.(l^phMQto3iii* of Onmw mllw {thu pajw) and of Aiellvs commune 

^ {Banta:w,p,m} 

OHatCOB ABMlSiV9 

to intelisities as low as 0.0119 Does not react to intensities of 1 C.M. 

C.M. or less 

Negatiye to Ught, regardless of pre- Negative after exposure to diffuse day- 

Positive for a few hours after exposure 
to darkness 

Wh^n liorcellio is compared with Asellus, the contrast is not 
BO StriHng, because Porcellio is somewhat like Asellus in not 
bdoof always negative. However, the fact that Porcellio, like 
Oniscus, responds to intensities as low as 0.0119 C.M. suggests 
that it, too, is more discriminating in its reaction to light than 
Asellus. Whether or not negative phototaxis was intensified as 
an adjustment to land life, it at least appears to be a more im- 
portant factor in the activities of land isopods than of aquatic 

* Hi this connection a few observations will be given concern- 
ing one of the most primitive of land isopods, so regarded because 
its structure is less specialized for life on land. The large active 
isopod, known as the sea slater (genus Ligyda), lives in crevices 

rocky shores' just above <he iigh-tide line among the San 
Juan Idands of the Jirthem part of Puget Sound. At low tide 
these isopods emerge brom their hiding-places and migrate down 
the rocks iwwly to the low-tide line. Durii^ this period they 
(^n often be sem moving about with apparent disregard of the 
bri^t sunlit. At other times, however, they are found in 
cirevices, and in the laboratory they give a negative reaction to 
goidigbt. In their case the reversal of reaction keeps than ip 
the dam p region close to the water’s edge, so perhaps it is advan- 
' t^jeoiK for them not to have so consistent a negative reaction 
fio light ^ that of Oniscus. 

Prom^his ecological study of the phototaxis of land isopods 
,it may be concluded that the usual negative phototaxis is advan- 
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B. THE PROBLEM OF ORIENTATION 

In addition to the ecologicsd analysis, a few 
be related to the problem of orientaticm, which hm a iaiige place 
in tehavior studies. The subject of orientation be^. so 
oughly discussed, particularly in such general works as thq^ of 
Joinings C06), Mast (11), Loeb (16), and Hohnes (’16),; t^ 
no extended introduction is necessary. A distinction which 
win ('80) made, according to Mast, is, however of impe^to^r 
To qdote from Mast (11, p. 47) : “To expiam orientation, Parwfe 
said, we do not need to account for movement; it is only neees- 
sary to ^tccount for changes in the direction of movement,” 

The problem is well formulated by Bancroft (13) in two quefr 
tions which he applies to Euglena, but which could he ask 
equally well with regard to any other organism : . . ; ; - 

1. Does Euglena become orierled to li|ht as directly as its method 

of orientation admits, or does it orient by the metlmd of trad 

and^eiTOT? In either case the reac^ij li^p^ hdiotrc^Cj^ 
method of orientation will be different. 

2. Is heliotropism in Euglena brought by response to 
poral chinges in light intensity, or is it cau^by the continuous ai^(m 
of the light independent of chsmges in intenrity? 

This division of the subject by Bmicroft int6 two distihet 
problems avoids a source of confusion vdiich has oceiffredin 
m(»t dj^ussions of the questimi. 
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m^of l^y Hays ('14) on % orientation of 
E«eellid> l#t resulted m the conclusion that orientation is 


f X- ,7'; uivvciiitjunspi tne antennae 

Ipwmotion, which appear to correspond to the ‘random 
m the forms studied by Holmes ('05), have no rela- 
"^tese authors concluded that: “The con- 
wi^ which many individuals turned away from the 
whetier the latter was on one side or the other, left no 
room for doubt that the ruction ms forced in a definite direcHon:* 
Althou^ the present investigation was not made specifically 
to <fetmnine the mechanics of response, observations in the or- 
(fii^ ^riments indicated that there is a definite orientation, 
which is little obscured by random movements. In the usual 
Uf^tive responses there is a time diff^ence which makes poS’- 
si^ a-division into three classes of responses: 1) those in which 
ori^tation occurs without locomotion; 2) those in which orien- 
tation occurs abmptly at the begiiming of locomotion; 3) those 
in which orientation occurs gradually during locomotion. Of 
these, the first is not frequent, although a characteristic ifsponse, 
vdifie the second and third are both common. The third method, 
where orientation is secured by a gradually curved course, is in 
reality just as du^t as the other two. If necessary allowance 
is made for individual peculiarities in the response, due prob- 
ably to internal causes, the response seems to involve a direct 
.orientation by the li^^^ & which trial movements do not play 


i, CiMetant intensity versus change of intensity 

basis of most present discussions of orientation is, how- 
evi^ the secxmd of those quoted from Bancroft, the question 
wjhether the response is due to continuous stimulation fr^ lig^t 
acting at a constant intensity or to the shock resulting from 
of intensity. A possible contribution tp the solution of 
this problm may be found in an analysis of the frequent delays 
^before response. Even when an isopod responds vigorously at 



first; the d^y sets in en the avemgie n^tier im h^nses^^so 
that in nearly every ordinary series of twenty td^ 
gqfjonses occur ‘only after an mterval. 

When an animal does npt respond to the initial li^t * 

there m thr^ possible" '^lanations #hy if 
These are: l) a delayed fei|^nse to the mitifl sttetuhisj^S) a 
response to the continuous stimulus, and 3) a re^ng® ^^^to 
causes wholly other than li^t stimuli. Whichev# oli^pr is 
true, the difference between immediate and delayed is 

a- difference in photokinesis rather than in phototSds,^h^ti^ 
orientation k quite as definite when the respoi^ is delayed as 
when it is immediate. ‘ 

The opportunity for obseiring the mfiuendl. of continuous 
stimulation after delayed reaction is found in those instances 
when orientation occurs before locomotion, whether or not it is 
accompanied by locomotion. Under these circumstances, tiie 
first locomotor movement of the animal after a delay is a turn- 
ing ipovement, and the cause of the turning cannot be fotind in 
any change of intensity which has occurred since the initial 
stimulus on the eyes of the animal. That is, the reaction under 
these dnditions must be due either to the continuous constant 
stimulus or to an after-effect of the shock produced by Ifie 
initial stimuluk 

This raises the further question: Would an isopod give an 
orienting response after a delay if the stimulus were hot con- 
tinued? Mast 12) tested fireflies from this point of View, and 
in his summary says: 

The faales do not orient when exposed to continuous iUuminatioii. 
They respond only to flashes of light and the reaction does hot b^in 
until after the light has disappeared. Removal of the femfde hhine- 
diately after she glows has no effect on the reaction. T^us oiicnthlipn 
may take place in total darkness, and it is surprising how ^E^ih^ly 
the^ anim^ turn throi^ the proper angld in the totsd abse^ m ihe 
Btimula^ a^nt. we have a case in which it is cietdy de^n- 
strated that light does not act conrinuoudy in the process cH cdehMon 
as demanded by Loeb’s theories, a ease in which it is also elevly d^- 
onstraiSd that tlfe continuous action of the stiinulatiDg ag^t k not 
necessary to keep the organism oriented. 



SBACnONa Of LAND ISOPODS TO LIGHT 


Q3jis statemeiit is not at all surprising, because sudden flaBhes 
m a part of the natural environment of the firefly, and 
^ firefly is adapted to them in a unique way* On the other 
h^d, since most animals are exposed to constant illumination 
and to gradvud charges rather than to sudden changes, the 
fli^y is hardly a typical animal in yrhich to test out this point. 

this reason an experiment was devised to determine 
wh&it Chiiscus can be oriented after a delay, in the absence 
of iifli^!^?rigmal stimulus. Twelve individuals of Oniscus were 
tesi^d M tub position facing the lights according to the usual 
iMtiiod. Record was made only when there was a delay in 
response lasting more than five seconds. In approximately half 
of these instances of delayed response in each animal, the light 
was turned off after five seconds; in the other half the animals 
were e^sed to the light until they responded. (If no response 
oiKUirred during 60 seconds, it was recorded as ^no response.’) 
The course taken by the animal and the interval before response 
were foth recorded in each instance. The individual animals 
w^ ^ven repeated stimuli until several delayed responses had 
been recorded under'each of the two conditions. 

In oider to observe the animal after the light was tuned off, 
the influence of overhead lights was tested until one was found so 
to as not to affect the accuracy of orientation and yet strong 
^ough to make it possible to watch the movements of the ani- 
mals. In a^relimkary test series with the light finally choM, 
five individuals of Oniscus showed an aver^ angle of negative- 
ness of 126°, which is thoroughly normal, and shpws tlmt the 
overhead light* did not disturb the normal reaction to horizontal 
illumination. This light was, therefore, used during th^entire 


expetoent. j- x 

The result it town in figure 14 and table 12. Accotog to 
figure 14, the greatest number of responses when the hght hM 
been toed off fell into class 1 on the abscissa, with a grad^y 
j _ in the other classes. This shows 
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TABLB Itf, . 


UgMis extinguiihed after $ sionds. 


Whole number of delays in response conr 

sidered. *// - 

Responses after delay : . . ; : v.^ . ■ ^ . 

Failures to respond after delay. 

Average interval before delayed respond. 

Average angle of negativeness in delayed 
response 




B5g. 14 Comparison of responses of Oniseus in instances of delayed response, 
when the light is turned off after ffve seconds (solid line) and w^n the light is 
continimd (broken line). Numbers on abscissa indicate grades m negativeness 
in figure 2. Numbers on ordinate indicate number of each type of response. 
Shows pr^tically no response after delay unless the li^t is contumed. 


light w|ts continuous is nearly typical for the ordinary negative 
reaction of an anij^l facing the light. (Cmpare wjto A in 
figs. 6 and 7.) T& set of responses after delay has 4 
proportion of positive responses than was shown in figun^: 6 
and 7, but it forms essentially the same type of curve andia ^te 
different from the resulta when the li^t was turned off. ' : The 
same difference is tiiown, thou^ less noticeably, in taWe 12, 
where the angles of negativen^ (fiffer by 27> 
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Bpoi^and peKentage of KBponse after delay are ILttjallv 

I*otot«4 ^ of Pliotofaneas rather than of 

ftfe*xperinient it may be concluded that orientation in 

Wggntmuous. In other words, if the initial stimulus is not 
to brmg about immediate response, the stimulus must 
Wfeued m order for orientation to occur. Since, then, the 
re^^^to a contmuous constant intensity can occur in cases 
d delayed response, there appears to be no reason why the same 
type of stnnuhis cannot be a cause of the reaction when the 
response 's not delayed. 


3, Conclusions 

Rm the preceding experiments and discussion the following 
conclusions may be drawn: 

^a. Orientation of bnd isopods appears to be direct, and not 
the lisult of a selection of random movements. 

4*^* continuous action of 

l^t acting at constant intensity, even though it may also be 
due to the shock produced by changes of intensity. 


VII. SUMMARY 


A sAdy of the reactions to light of three species of land iso- 
pods, Oniscus asellus, Porcellio rathkei, and Porcellio scaber, 
resulted in the following conclusions: 

1. land isopods respond to light stimi^ in three ways: by 
phofUikihcsiS} by phototoxis, and by vision^ Vision is, however, 
only subtly developed. The experiments were confined to 
j^totaxis. 

2. Oniscus is negative to diffuse daylight and to controlled 
horizontal illumination by artificial light. The latter was shown 
in (tetail by a study of the percentage of negative responses, 
by a graphical representation of the degree of turning away 
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cEAjauie 

from and by cdciilatlcai of the atdiijBa 

negativeness/ 

3. Porcellio is in general native to the san^ 

Oniscus; but is^ of the two genera, the Im <^nsista3% 

4. Ofliscus and Porcellio were found to r^pond to 

intensities from 100 C.M. to 0.01 CJdL The is the 

earn to all inkrmtm. Chi account of the extreme sensitiye- 
ness to low intensities, the thr^old of stimidation waa^^t 
determined. " 

5. No consistent change in the phototads of Qnisei^ ^m 

caused by repetition of stimuli Under these conditions, the 
animal usually became less active, but accuracy of orientatm 
was not interfered with. v 

6. The reaction of Oniscus was essentially the ^ame^ wheth^ 
previously exposed to strong light or to dark and whether kept 
in a maximum or Tninimum of moisture. Porcellio was some- 
what less negative aft^ living in a dry«hahitat, and some indi- 
viduals of this genus were found to be positive after e^wsure to 
strong light. 

7. When the i-pods were immersed in water, they did not 
respond to light, 

8. Land isopods are not greatly different structural^ from 
their aquatic relatives. They are confined to a limited habitat 
on the land, where humidity is comparatively high, and the 
evaporating power of the air k relatively low. 

9. Negative phototaxis appears to be a factor in keeping these 
animals in a suitable habitat, and is Ihus important in fitting 
them for life on land. 

10. Oniscus, with a more restricted habitat than Porcellio, 
has a more consistent negative reaction to light. 

11. Land isopods are more definitely negative to ^t than 
the fresh-water isopod, Asellus communis. Negative photo- 
taxis appears to be a fidre important ecological factor for land 
isopods than for aquatic isc^ods, 

12. Oniscus appears to be oriented directly by light, and to 
respond, at least under some circumstances, to a continuous 
light stimulus acting at a constant intensity. 
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I INTRODUCTORY 

Observation of copulating pairs of the large nudibranch Chro- 
modoris zdbra Heilprin under natural conditions in the field sug- 
gested that the component members of a pair tend to be of 
nearly the same size. Sexually mature individuals of this species 
which engage in mating at the same time and within a restricted 
area are found to range in total length from 4 to 18 cms. A dif- 
f^nce in the size of two closely approximated specimens is 

^ Contributions from the Bermuda Biological Station for Re^arch No. 9S. 
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usually quite evident to the ^e when the pair is vie^e^ tteou^ 
a water-glass. Two animals were considered ^ eonstitiite , a 
mating pair when they were found together in the prc^^ r^ 
tive attitudes and were seen to be statiOTiary in th^ attitude 
for some minutes. Copulating individuals remain in close con- 
tact for a relatively long time, in some eases sev^al hours. 

It is true that when collecting in a fathom or more of water 
from a boat, mistakes may be made in jud^g mating couples, 
although I believe that this error has not been ^eat. v Becau^ 
of this possibility, however, and a desire to observe more closely 
the details of behavior in copulation, with reference to the pos- 
sible mechanism of assertive mating (should this condition be 
found to exist), experiments were performed under laboratory 
conditions with a large number oi imlividuals. 

The pairs collected in the field, and those obtamed in laboratory 
matings were measured in the living condition. Analysis of the 
dimensions of the individuals found spontaneously copulating 
amply confirms the impression derived from the inspection of 
mating couples under natural conditfbns. A moderately hi^ 
degree of correlation between the sizes of the two individuals 
forming a mating pair is evident in the measurements obtained. 
This can only be understood in terms of the conclusion, --which 
is substantiate by the study of individual behavior in conju- 
gation,— that assertive mating with respect to size (? age) is 
practiced by Chromodoris zebra. 

The magnitude of^the correlation index for the ^ total length^ 
measurements is somewhat greater than the average known for 
cultures of Paramecium containing a mixture of races. The 
principal significance of assortive mating in Chromodoris is, 
however, probably diiBEer^t from that assigned to homogamy in 
Paramecium (Jennings). It seems that in C. z^ra the imme- 
diate result of assortive mating is to increase the number of 
larvae beyond that which could be established by random 
pairing. 

From the standpoint of species survival and dispersal, grapt^ 
the condition that animals of veiy different sizes ^ sexual^ 
matoc^tiiis ^ct of homogamy is distihctly purposeful. It is 
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durable to emphasize the probably mechanical nature of the 
RRd maintenance of this * adaptive’ condition, which can 
be shown to depend upon the way in which the bod)^ of Chromo- 
is constructed. 

II MATING PAIRS UNDER NATURAL CONDITIONS 

The copulating couples used in this study were gathered dur- 
ing the month April 5 to May 5, 1917. AU the specimens were 
taim in Fairyland Creek, a broad, shallow, tidal stream bor- 
dered by mangroves, near the laboratory of the Bermuda Bio- 
ip^cal Station. Collecting was purposely restricted to this one 
loc^ty. The nudibranchs are very plentiful there, at certain 
times. Chromodoris copuhttes at all hours of the day, but it 
seems that a somewhat larger number of pairs are obtained here 
during the three or four hours after sunrise, and again in the 
late afternoon, than during the middle of the day. The state 
of the tide has, in some places, a secondaiy influence upon the 
occurrence of matingj the creek being so shallow that in certain 
spots the bottom is exposed to the air at low water; the free 
movement of the nudibranchs is thus restricted, and they are 
forced to lie hidden under the thick masses of Zostera, Halimeda, 
Lau|entia, and associated plants which cover the greater portion 
of the muddy bed of the creek. When they ar^ free to move 
about, their positive phototropism^ assists in causing them to 
£^)p6ar freely upon brightly illuminated areas, where their con- 
spicuous coloration renders them easily visible. 

As each pair was secured it was deposited in a separate aqua- 
rium jar, the different pairs being carefully kept distinct until the 
dimensions of the animals had been ascertained, after the return 
to the latotory. Non-mating animils, found creeping alone 
over tbe bottom, were frequently collected at the same time; 
Sfehese individuals furnished a basis upon which to compare the 
size of conjugants with that of non-conjugants, and also sup- 

» Tlw phototropism of C. zebra is not in any sense a “laboratory product,’' 
\m <ai the eoAtr&ry a very real element in its behavior under conditions of 
te in nature. Some account of the natural movements and behavior of L. zebra 
will be given in another place. 



plied a part the mstenal for matii^ : & 

time that a collection was made it was atteippted to seeise^ dl 
the mating ^sirs present within the considered, no 
being exercised other than that involved in deeding whelh^ fir 
not a given couple was actually en^ged in copulation; as a rule 
no diflBculty was experienced upon tluS pomC The conelalion 
tables (vide infra) include data on all the pairs found durix^ tiie 
interval April 5^May 5, with the exception of th^ pairs ^ces- 
sarily rejected because one or both members owmg to in- 
jury (as subsequently explmned), unfit for measumnent. 

The animals were measured on the same day as that on which 
they were collected, and usually within a few hours after their 
removal from the sea. This was thought necessary since certain 
dimensions might have b^ altered M the nudibranchs had 
been all(9wed time in which to deposit their large egg masses. 
When, in the process of collection, a copulating couple is dis- 
turbed, one or both of the individuals, mthout subsequent con- 
juption, may within the next twenty-four hours deposit a large 
or a small (abnormal) egg mass. 

Ill MEASUREMENTS' 

The body of a Chromodoris zebra is soft, contractile, within 
certain limits^easily changed in shape, and without any hard 
supporting skeleton. The accurate estimation of its dimensions 
therefore presents a certain amount of difficulty. It was not 
practicable to get consistent results by the measurement of 
length while the animal was creeping freely over a raaooth hwi- 
zontal surface. By removing the specimen from the water, how- 
ever, and placing it, dorsal surface downward, upon a hori- 
zontal plate of smooth %Iass fre^y wetted with seawat^,* it 
was possible to get length measurements which could be duph^ ^v 
cated in successive trials to vfithin O.B cm. Since the mean 

* On a dry surface, or up^ a ^ass plate wetted with seawater has 
iieen allowed to evaporate somewhat, the nudibranchs were stimulated to r^iless 
contortions. When treated in the manner above outUned they beO^e extemd^ 
to their maritnal length and remain so, quieUy, for sevm^ minutes, duimg 
which the length of the body can be measured with fair precision. 
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leegtb of tto nudibranchs was 11-12 cms., with a range of 4-18 
thrae mmurements were of sufficient refinement for sta- 
twtM purposes. The measurements were always ^ 
(hiplrate. 



I 



fip 1 Chromodoris zebra, seen from the right side and above, showing 
dimensions measured. A^B, total length; C’-B, mantle length; D~E, distance of 
genitai papilla from the mouth. The animal is shown as it appears when creep- 
ing upon a h(»‘izontal surface. ^ 

2 Chromodoris zebra. The animal is shown as it appears when^placed 
don^ surface downward upon a glass plate which is moistened with seawater. 
The eharacteiistic reaction in which the lateral margins of the foot are closely 
approximated when the organ is not applied to a flat surface should be noted. 
Letting u Fig. 1. (See text.) 

Ihe dim^fisions considered will be understood by reference to 
figures 1 anti 2. They include; 

1) tM from the anterior edge of the buccal veil 
to the posterior termination of the foot; 

the mcnUe length, from the anterior margin of the buccal 
veil to the posterior edge of the caudal veil; 



252 


^yS,c6mm 

3) the distance between ^ gerdtal j^pSk 

measured from the extern^ orihoe of the pmi»l artthisn |ceut^ 
of the papula) to the center of mouthi dbng a line 

parallel to the median plane of the body ; 

4) the distance of (he genital aperture abm the mface of (he 
fool 

Some of these dimensions were stu<fied in independent of 
individuals; not included in the series of matoig couples^ and 
■for other series of individuals, included amtmg the pairs of copu- 
lating nudibranchs, the weight and the volume w^ ascertained 
for each individual. The weights were obtained with a platfmm 
belance. accurate to 0.1 gm., the nudibranchs being dried and 
deprived of superficial slime by rolling them gently in a towel 
before weighing. Volumes were ascertained by the displacement 
of sea water in a narrow graduated cylinder, the animals being 
given a preliminary drying as in findi^ the weight; suceesMve 
determinations of the volume of the same animal agreed to 
within 1*2 cc! 

It was not possible to cany out all of these measurements 
upon each individual, owing to lack of time. My first object 
being merely to ascertain whether or not auditive mating occurs 
in Chromodoris, and if so, to measure its intensity, it was con- 
sidered that the measurements made Were sufficient for this 
purpose. 

A word of explanation is required concerning the choice of 
points between which measurements were made, particvtely 
with /eference to the estimation d total length fig. 2), 
upon which the chief reliance is placed. Under ideal conditions 
it would probably be preferable to employ the mfimtle l^^h 
as defined above. The projecting ^ tail^ of the foot is contractile, 
and its length when at rest may vary in a way nof closely coa^ 
related with the length d the individual But with a number 
of specimens it was not pmnissible to employ the m^tle length, 
because the animals had suffered a very curious type of natural 
injury. ■ ' 

In a j^elimimury paper (Hmcerned wM ^ questm of ^^wam- 
ing^* coloration in C. ze\m (Crosier, 16 b), I stated lhat te 
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<!Wy type of structural injury shown by specimens of this species 
as obtained in the field amounted to a slight, and relatively in- 
damage to the projecting margin of the mantle. This 
stati0Daent was correct so far as concerns the several thousand 
j^fecimens which had passed through my hands in the preceding 
two y^. In 1917, however, collecting over the same territory 
as fe previous years and particularly in Fairyland Creek, a con- 
^derable number of individuals were obtained in which a piece, 
of vmying size, had obviously been bitten from the middle of the 
dorsal surface.^ As many as 20-50 per cent of the specimens col- 
lected at one time would be found so injured. Animals thus 
afflicted were seen to engage in normal copulation (with unin- 
jured or with damaged partners, in equal frequency), and in the 



Fi|. 3 SM&wing the type of injury found inflicted upon C. aebra in nature, 
and its effect in producing puckering and a shortening of the mantle length;” 
a romewhat extreme case, dorsal view. The corresponding outline of an un- 
damaged specimen is indicated approximately by dashes. 

great majority of instances they already showed signs of regen- 
erative activity appropriate to the ultimate repair of the injury. 
They were fopnd to deposit good egg-masses. In all these cases 
there was present a greater or less degree of puckering op. the 
dorsal surface (fig. 3) , which caused the actual mantle length 
(B-C, figs. 1, 2) to be shorter than that of uninjured specimens of 
about the same general size. This was especially true when the 
.funded dorsal parts were stimulated by contact with the glass 
during measurement. The amount of tissue lost as the re- 
sult of injury was rarely considerable, and the toid length (A~B, 
figs; 1, 2) of the damaged nudibranchs seemed not to be seriously 
influenced. Since it was desirable to include all the mating 
mm, diafcribution, frequency, and significance of these injuriefl will 
be discussed in another place. 

tax JOTOSAt OF »XP*sm)lNTAl iOftLOOT. VOL. 27 , SO. 3 . 
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couples obtained, Ibe ^ 1®^' rnmmmit ^ Txmi^ 

used. , ■ ^ :. ' 

The length of a ChromodoriB as measured in the way desratfted 
is somewhat greater than that obtmed from Ihe quiet^ ere^nng 
specimen. The body is of but little greato dmiigr than to 
water (1.06M.072 gm8./ccm., as compared with 1.02b5), but 
is so soft that when adjusted upon the measuring plate its weight 
is sufficient to noticeably flatten the animal. The distortion in- 
duced in this way is probably greater, proportionally^ in the case 
of large individuals, weighing up to 75 gms., than in the smaller 
specimens, which weighed 1{^15 gms! The flattening of the 
body through the pressure of its own mass, under the conditionB 
imposed during the measurement, helps to obscure the smoofe- 
ness of the expected theoretical relation between length and 
volume (fig. 4). It should also be remarked that the nudi- 
branchs may tend to elongate somewhat, by muscular contrac- 
tions, as a preliminary to righting movements. The volume and 
weight of a Chromodoris may also vary independently of the 
length, owing to the influence of such factors as: 1) the mimber 
of egg masses which have been deposited, and 2) the^amount of 
water contained in the intTfunuscular spaces of the foot and 
body-wall. Nevertheless, the qualitative agreement between 
the indices of correlation in mating calculated from the several 
kinds of measurements taken shows that the estimations of 
Hotal length^ as here carried out are adequate for the determina- 
tion of assertive mating wiifr respect to size. The charac- 
teristic reaction of the foot when removed from contact with a 
flat substratum, namely the rolling up into close ajproxiination 
of its lateral borders in the median plane (fig. 2), helped to 
insure a uniform attitude among the various mdivMuals during 
measurement. 

IV ASSORTIVE MATING IN NATURE 

1. Total length. No significant difference was observed be; 
tween the size of the nudibranchs obtained as memtm of to- 
lugating: couples and those taken singly, efther in the oolleotio^ 
of any one day (illustrated by the ^ta in figures 5 and 6}^ or 
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population examined. Laboratory observation 
proi^ that specimens of any length between 4 and 18 cms. 
iV0ol^ copulate successfully with appropriate mates, and de- 
po^ eggs; hence it is probable that all the animals seen in the 

^ . 


i5I 



Fig. 4 Shpwing the irregular distribution of the volumes of 95 specimens of 
Chromodoris aebra in relation to the "total length/' Animals measured imme- 
diately fdter being taken from the sea. 


field were (or had recently been) physiologically primed for con- 
i^iigation, and that chance, in combmation with the normal ra- 
bidity of repeated -pairing for animals of different siz^, as 
rtteted to the size-frequency distribution, determined the num- 
ber and kind of pairs obtained in the various collections. It 
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should be noted, further, that tliere is no deteet^e tenckuey 
for individuals of any givm size to copukte at a diS^reat^lame 
of day, or ‘season, from those of any other size. 

One hundr^ and forty-eight pairs gath^:ed m ^Fairyland 
Creek were composed of individujds giving the length-frequency 
distribution exhibited in figure 7. The relation between the 




Figs. 5 and 6 The frequency distribution of siaes (tutal lengUis) for mating 
and non-mating individuals in two random collections (Apr. 24th and Apr. 30tb, 
respectively); the continuous line denotes mating individuals, the dotted Ime 
non-mating individuals. Showing that there was no significant difierenoe be- 
tween the sizes of mating and of non-mating specimens, 

lengths of the two individuals constituting a pair is set forth in 
table 1. This is a single-entry correlation table, constructed and 
used in accord with the manner suggested by Jennings Cll a, ^ 
11 b) for cases of this kind. The coeflScipnt of cOTrelatioh is 
found* to be 

r - 0.608 ± 0.024? 
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fig, 7 The lighter line shows the frequency distribution of total-lengths for 
the coDfltituents of pairs of Chromodoris zebra obtained in the field (148 pairs, 
296 mdividuals); the heavier line shows the same for pairs formed in laboratory 
experiments (119 pairs, 238 individuals). 

TABLE 1 

Correlation table for the length of f mrs of Chromodoris zebra found under nat- 
ural conditions. The larger member of a pair is enter ed in the vertical columns, 
the mailer in the horizontal rows. The unit of measurement is 1 cm. The in- 
dex of correlaiion is r = 0.609 ± 0.0^ jr. 
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The degree of correlation between the rizes of individuals 
mating together is further shown graphically in a i^^Hs^on 
plot (fig. 8). The two components of a copulating pa^ are usu- 
ally not of identical size. The value of the index of cmreb^tion 
signifies, however, that as a rule large individuals mate with 
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Fig, 8 Showing the relation between the length of speeimens of C. zebra 
(abscissas) and the average lengths of their mates (ordinates), for 148 pairs. 
If there were no correlation between the lengths of components of mating pairs 
the observed points, [2], would fall upon the line (» the general mean); 
if assertive mating were perfect, the line [2] would coincide witfi {!}. The 
smoothed line of regression is shown by the dot^and^ash line; in this and suc> 
ceeding plots it is assumed that the regression is linear throughout. This is 
possibly not quite correct, but does not affect the special conclusion drawn from 
these data, namely that large individuals mate together. The class unit is 1 
cm. The index of correlation is r *- 0.608. 


large, small individuals with small. For each 1.0 cm. difference 
in the tot^ lengliis of two ^ecimens of C. zebra there on 
the average, be found a difference, corresponding in , of 
about 0.6 cm. between the lengths of the partners 
conjugation under natural circumstances. 
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2. Other measurements. • The degree of homogamy shown by 
thelneasurements of other characters may be briefly considered. 

A. A series of mating pairs, comprising 89 normal uninjured 
couples obtained successively in the field, whereof the mantle- 
length was determined for each specimen, gave data summarized 
in table 2. A small, homogeneous series was used, consisting 
of a set of animals collected at one time and measured with par- 
ticular reference to the mantle-length, rather than a larger 
series selected from among the general field collections. Such a 
selection would otherwise have been necessary, owing to the 
relatively frequent occurrence, at this time, of injuries upon the 
dorsal surface of Chromodoris. As previously stated, these in- 
juries, m addition to making the nudibranchs difficult to meas- 
ure, resulted in the distortion of the “mantle length’ ' through 
puckering about the wound. 

The coefficient of correlation calculated from table 2 is 


r = 0.518 ± 0.0523 

The result is in sufficiently good agreement with that obtained 
from the measurements of 'total length’ (r = 0.608). The cor- 
responding regression plot is given in figure 9. The number of 
f)airs (89) involved in the tabulation of mantle lengths is smaller 
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than that measured for the total length.. (148). For the same 
group the correlation based upon total length estimaiioBs is 
T = 0.492 (table 3). This agreement (fig. 10) k su^cknt to 
show that the method of measuring Uotal length/ as previously 
described, is free from serious objection so far as the variable 
length of the ‘tail^ of the foot is ccmcemed. Even with small 



Fig. 9 Showing the relation between the “mantle-length'' of specimens of 
Gi zebra (abscissas) and the averse length of their mates (ordinates), for 89 
pairs; (1) is the line upon which the observed points, (2), would fall if no cor- 
relation were involved; wt-wi' is the mean for all. The smoothed regression line 
is shown thus The class unit is 1 cm. ; r * 0.518. f 

numbers of this sort the correlation is entirely too high to be 
explained as the result of assortive mating. 

B. In one smajl series of 66 pairs the wiiuhe of the animals 
was measured. The frequency distribution of volumes is shown 
in figure 12. The correlation index for these pairs, on a volume 
bf^is, is low (r = 0.1353), as shown in table 4, and the distri- 
bution of the measurements is very irregular (fig. 13^. This 
series is not extensive, yet the result of its epanination has 
some value. The volume of a Chrmnodcais may in part de- 
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TABLE a 


CtyrriUaHon table for the 'Hotal lengths’* of the 89 pairs of C. zebra whose ^‘manife- 
lengih” correlation is given in t(Ak i {see jig. W), r = 0.49$. 



TABLE i 


Correlalion between the volumes of members of 66 pairs of C. zebra] r ” O.iSSS 
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pend upon the condition oi me guiiau — y 

Zdr, perhaps in some additional manner the volume of an 
Wividual may be a function of the number of egg mas^s which 
the nudibranch has recently deposited. If this mterpretaton be 
correct it foUows that length (and correlated external dimen- 
sionsj rather than reproductive condition (provided the animals 
in auction be still capable of being stimulated to copidate), is 
rS of sdection in pairing. This would explain the low (» - 
for llmogamy in the volume f ^ 
thou^ the small number of cases may be responsible), and wouiQ 
Kuigible in view of the irregular relation between volume 
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Fig. 10 Regreesion plot for data in Table III; r'.= regression line as calcu- 
lated from tie-length r, same as calculated from “totaI4ength” mcas* 
urements for the same 89 pairs. (See text.) 

Fig. 13 Regression plot for correlation in volume between membets of W 
mal^ pairs (see Table IV). The regression is probably not^strictly lin^ (ef. 
Kg. 8). The unit of classification is 5 ccm. 
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Ibtol kngfh. 



fig. 11 Showing the relation between “total length” and “mantle len^h’' 
in 103 uniniured specimens of C. zebra (cf . Fig. 2) . The relation is almost, if not 

quite exactly, linear. . e n u 

Fig.. 12 Frequency distribution of the volumes of specimens of 0. zebra. 

Hie class unit is 5 ccm. 
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and length (fig. 4), and between weight and lei^th (%. 14). 
This point of view is supported by the results of mating^pexp^* 
ments witb starved animals, tests which are discu^ed in a 
subsequent section. \ | 

C, The distance of the genital papilla from the anterior end 
of the animal (mouth), and its height above the ventral surface 
of the foot, were also measured in a number of specimens. These 



. - Showing the irregular relation between length and weight in freshly 
collected individualB, which cannot be due to irregularities in the weight of the 
stomach contents. * 

figures are neither numerous enough nor sufficiently homo- 
geneous to enable cross-correlation indices to be calculated; 
moreover, such calculations would be unnecessary* for present 
purposes. The data obtained in this connection are detailed 
on a subsequent page; they are intended to give an idearof 
the topographical position of the genital papilla in nudibrandis of 
different sizes. The important point is that the genital papilla 
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}&; jutuated m almost precisely the same relative position in in- 
of ^ sizes, its distance from the mouth and from the 
^irface of the, foot being each proportional to the length of the 
anipal* 

V MATINGS IN MASS EXPERIMENTS 


1. Method and findings. Approximately four hundred speci- 
mens, freshly collected, were allowed to mate together in lab- 
oratory aquaria. The experiments were made during the time 
covered by the collection of the field data. About half of the 
^niniftlR involved had originally been obtained as members of 
copulating pairs, the other half being collected as single, non- 
mating individuals. Forty to fifty animals, taken at random 
but including in every instance a fair representation of the differ- 
ent sizes of specimens, were put into each of a number of nin^ 
gallon aquaria. The 'crowding together’ brou^t about in this 
way was intentional. The nudibranchs mate with sufficient fre- 
quency, at this time of year (April), so that the pairs observe 
under these ^ conditions did not involve merely the originally 


non-mating individuals. . .u. 

The aquaria were supplied with running seawater, as t 
nudibranchs will neither copulate nor deposit eggs in still water. 
The water of the laboratory supply-system was less alkaline than 
the ‘^outside” seawater, but the chromodorids lived m it for many 
months. The water inlet was so arranged as to be. m.about 
the center of the aquarium, and midway from top to bottom. 
This precaution was important, as when the mcommg water was 
allowed to form a current starting at the wall of the J 

eonddeAble number of the individua k b^ame about 

the inlet. Copulating pairs would under these conditions have 
been difficult to distinguish with certainty ; with 
oettt here specified, loeaUzed crowding was « 
it was ew to be sure that a given pair was actuaUy engaged 

“Sfa very pronounced tendency toward the oceurrene^ 

of epkemics of pairing. Many conjug^^ “tfisTvam 
about the same time in any one aquanum. This is 
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tageous, as a large number of couples were in tiiis way obtain* 


able at the same time. It is also importsmt as 


Twenty-four to forty-eight hours after the nudibranchs 
been put into an aquarium, the mating-pairs noted w^e w 
moved, placed separately in small dishes, and as soon aa 
sto\e \,o meeamement, \n way were secured 
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Fig. 15 Regression plot (r, r) for data in Table V; r', r', regression line ob- 
tained from pairs collected in nature (Fig. 8). 

regarding Ihe lengths of the constituents of 119 pdrs (ef. fig. 7). 
rhese figures are arranged in table 5, and in a regression plot 
[fig. 15). The index of correlation for the total lengths of the 
components of mating couples is here r = 0.721 ± 0.023. 

2. Comparison with normal conditions. The d^ree of homo- 
gamy exhibited in this series of laboratory matifiigg is appr^mbly 
liigher than that found for the pairs collected in the fidd-|fig. 
IB). This may be the outcome of chance variation incidsaitt to 




ASSORTIVE MATING IN CHBOMODORIS ZEBRA * 267 


TABLES 


iabU for total length of 119 pairs of C. z^ra obtained in laboratory 
matings (mass experiments); r = 0.7$1 * 0M3 (cf. Fig. 15) 



the restricted number of matings available for study. Several 
other influences may also be concerned. In the aquaria the 
nudibranchs creep over a smooth substratum, and there is less 
opportunity than in nature for discrepancy in the sizes of two 
specimens to be discounted by the unevenness of the bottom 
upon which they might be resting. From this point of view the 
irregular substratum presented by masses of algae, rocks, and 
sand would be regarded as favoring the apposition of the genital 
papillae in the case of two animals differing somewhat as to 
size. The efficiency of this influence cannot be -very great, 
however; its exact value I am unable to estimate. It is^ in addi- 
tion, entirely possible that some 'pairs’ collected in the field 
w^e in reahty misjudged, in which event the index of regression 
obtained irom the mass experiments would perhaps more nearly 
represaat the true state of ajfairs. 

/The ^gpificant point, however, lies in the fact that the lab- 
oratory inati^gs confirm the quahtative correctness of the con- 
^^on that there is practiced by Chromodoris zebra a rather 
:,J^kflBsive degree of homogamy with respect to size (Crozier, 
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^17 c). Given the conditions imposed upon the nudibran^&i in 
the experiments just described, it is legitimate to cwiemre tha^ 
here, if ever, the animals would have conjugated according to 
the chance dictates of random contact. The magnitude the 
correlation index makes untenable the idea of random pairing; 
moreover, close study of the behavior of C. zebra in copulation 
fully substantiates the proposition that true selective conjuga- 
tion does indeed occur. 

VI THE BASIS OF HOMOGAMY 

1. Homgamy in Paramecium and in man. In human mar- 
riages there occurs, according to Pearson (Pearson and Lee, 
and others, an appreciable degree of positive correlation between 
the two members of a mating pair as regards their stature and 
certain other characters. The evidence availaWe with refer- 
ence to this matter has been reviewed in an interesting essay by 
Harris (^12 a). The cause of assertive mating in man is in 
most cases far from obvious; its significance, its consequences, 
cannot be followed in detail. 

For Paramecium the case is clearer. • It was proved by Pearl 
(^07) that in Paramecium th^e exists a rather hi]^ degree of 
correlation between the lengths of the components of conjugat- 
ing pairs. Pearl held this correlation to be the result of assorrive 
mating, and he was inclined to accept as its explanation a rela- 
tively simple mechanical condition concerned with the mmmer 
in which two conjugants become adjusted to each otha* in a 
successful mating. According to Pearl, if two individuais, in 
the proper physiological condition for conjugation, are by a 
chance mutual approach induced to draw together, “their oral 
surfaces adhere in whole or in part. The extrme anterior ends 
of the oral grooves ftmily adhere to one Mother first. If the two 
individuals are so nearly the same size that the mouths ap- 
proximately coincide when the an^or ends are together, fim 
union occurs at the mouth regions and d^mte conjui^ion fol- 
lows” (Pearl, *07, p. 267 J, If the two individuali do not 
they separate, or die. "^^The homogamic correlatimis arise, thesB^ 
as a result of the necessity for the mmiths of the two individuA 
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to come t(^etlier (or when the extreme anterior ends are 
united/ ^ This explanation was not based upon personal ob- 
servation, and later work has shown it. to be somewhat too 
sdiamtic, although entirely correct in principle. 

Jennings (’lib) substantiated Pearl’s discovery of assortive 
mating in Paramecium, and was able to make certain the con- 
dudon that the observed correlation between the lengths of 
conjugating individuals is indeed largely due to true homogamy, 

■ rather than to any process of mutual equalization of sizes during 
the progress of conjugation. Jennings is also in essential agree- 
ment with Pearl regarding the mechanical cause of assortive 
mating. On the basis of direct observation of the mating proc- 
ess, Jennings showed that in a general way the explanation 
offered by Pearl, as previously quoted, is quite sound. However, 
in many cases conjugants of unequal length are able to pair 
successfully through a series of bending movements and con- 
tractions which cause their lengths to become more or less equal- 
ized. This inffuence is, nevertheless, found inadequate to ac- 
count for more than a small part of the correlation. It remains 
true that two individuals conjugate most readily when they are 
of nearly the same size. This is the automatic outcome of the 
mann er in which the conjugation-postures of Paramecium are 
brou^t about, and of the fact that the total length of Para- 
mecium (and any other dimension which may be used as an index 
size) is rather closely correlated with the distance from the 
anterior end to the mouth. Upon the equality of the latter 
diaracter in two individuals the possibihty of their successful 
conjugation is in large measure mechanically dependent. 

It does not appear that the pairing of animals, other than Para- 
meeium, several other infusorians (Jennings, lib, p. 85-88), 
and man, has ever been examined with reference to the possible 
occurrence of assortive mating. Yet it is generally recognized 
that this matter of homogamy is one of great importance. In 
addition to its impHcations for other phases of evolutionary 
^leculation, assmftive mating (where it can be shown to occur) 
may provide in particular an intei'esting example of a mechani- 
ca% determined result having the superficial characteristics of a 
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'purposeful adaptation/ This phase of tJie matt^ does 
seem t(r have received sufficient emjffiads, dfteoughvtibe scarnty 
observations available with reference to sdective l^iiing eonitimi 
little evidence that such a process might be directly ^^benefieW” 
to a species. The case of Chromod(«is zebra affords an ins^ffitee 
among metazoans which is exceptionally favorable for study. It 
becomes, then, of special interest to discover, if possible, tie 
basis, or method, of the assertive mating practiced by this 
nudibranch. 

2. Mating behavior of nudihranchs. Assertive mating with re- 
gard to size would be expected to occur only where there is avail- 
able some physical basis for the process of mutual selection 
(‘fitting^) which is necessarily involved. According to Orton 
(1914 a), the sea urchin Echinus miliaris, in its breeding season, 
''has the habit of associating together in pairs;” the association 
is often close, and in many instances the pairs found together 
contain one individual of either sex. I have noticed instances 
of this sort in Lytechinus variegatus, and several good examples 
of the same nature have been observed by me with Tripneustes 
esculentus. These oases have not yet been examined for the 
occurrenpe of assortive pairing. In passing, it may be remarked 
that if this type of "conjugation” is indeed at all general among 
echinoids, it is apparently not sufficiently specific altogether , to 
prevent hybridization m nature (Shearer, de Morgan, and Fuchs, 
^14). A possible basis might readily be conceived upon which 
might be founded a correlati(Hi between the sizes of individuals 
'pairing^ in this way. Nevertheless it seems probable that in- 
vertebrates which reproduce by external fertilization will not, 
in general, yield evidence of assortive mating with resist to 
size. Among nudibranchs, however, where a true copulatjonis 
a prerequisite for the internal fertilization of the eggs,— as may 
be demonstrated experimentally, and by the existence in some 
forms, e.g., Doto, of recognizable anatomical arrangements jmkt 
ing for the prevention of self fertilization (Dr^er, ’12, p^ M2)^r^ 
there is a possibility that the mechanical conffitions contoollt^ 
copulaticm may determine re&l homogamy as to size, v 
mme espedfd^ true sinee, imago-forming eyes being abpafe 



ASSOBTIVE MATING IN CHBOMODORIS ZEBRA 


271 


taetilb and chanical senses seem the main, if not the only, 
chaimels throu^ which the manouvers of conjugation may be 
oontrolkd and directed. 

xffie mating behavior of certain nudibranchs other than Chro- 
n^oris throws an interesting light upon this question, although 
the material available for comparison is very limited. In the 
littoral nudibranch Cenia, as described by Pelseneer (^99, p. 
518, footnote 2), the three widely separated external genital 
openings of one member of a mating couple are simultaneously 
brought into close relation with the appropriate openings of the 
other individual, the posterior female orifice of each receiving 
the /opposite’ penis. If it be true that this type of conjugation 
is necessary in Genia (further observations on the point would 
be valuable), and if mutual equalization of the sizes of conju- 
gants be inadequate to overcome natural variation in the sizes 
of reproducing individuals, then in this species there is an ob- 
^ous^ mechanical basis upon which assortive mating might be 
required to (^rate. There is the difficulty, in the case of Cenia, 
and of other ^^Elysiens” which I have been able to study, that the 
conjugating population is of very nearly uniform size, which is 
decidedly not the case with Chromodoris. The impor^nt fact, 
however, which indeed forms the basis of selection in pairing, is 
the necessity for the reproductive openings to be brought into 
close contact. In at least one nudibranch (Cumanotus) there 
are present somewhat unusual ‘clasping organs,’ which help to 
insure the close approximation of the respective male and fe- 
male aj^rtures (Crawshay, quoted by Eliot, ’08). This is neces- 
sary both in cases where the male and female openings are dis- 
tinctly separated, and in species where they are concentrated 
upon a relatively small papilla (Montagua, Smallwood, ’03; 
Chromodoris), and is of course the condition obtaining in some 
other gastropods (cf. Meisenheimer, ’07). C. zebra conjugates 
aft^ Ae fashion employed by other members of its family. 
Two individuals come together with their right sides in con- 
tact, 'and when the central aperture of the genital papilla of one 
Bpaehnen is closely applied to that of its mate, the short conical 
penis of one is insert^ into the aperture of the other and insemi- 
nation then proceeds. 
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There is evidently some mfliience other than ehanee 
which is at work to bring mating individnids togethi^. 
ward moveni^tB out of deep water at certain p^ods 
17 b), which nevertheless do not appear to be carried out 
purposes of reproduction, play a part in tMs process. So do tt» 
rations leading to the concentration of individusds in the mah^ 
grove creeks and upon open sandy bottcans. In one particular 
place it has been clear that water currents have been important 
in bringing a number of individuals to come near to one another. 
This spot is along one border of a shallow strip across which there 
is a water connection between two arms of Fairyland Creek. 
A row of flat stones is situated along the north edge of 
strip, and with the change in the tide a strong current flows jcto 
the narrow neck, A number of chromodorids were usually 
found in pockets hollowed out by the current underneath Ae 
stones referred to. This is probably the result of their being 
'‘entrapped^^ there at periods when the cmront is not stong; 
they move into the “pockets/^ or are forcibly carried there, in a 
somewhat passive fashion, as the animals are not rheotropic. 
This is the only place where I have found C. zebra under stones; 
it paired in this situation, and deposited eggs. Unlike some 
other species of this genus, C. zebra moves toward the fight. 
This positive phototropism is in itself a factor ten(|^ to brii^ 
into company a large number of individuals. 

It is a noteworthy fact that these nudibranchs are very sel- 
dom found to occur singly. If only a very few specim^ are dia- 
covered in the course of a day^s collecting, it is nevc^tiheless usu- 
ally found that the animals tend to occur in groups, the imfi- 
viduals*being relatively near together. When the nuditaanchs 
are actively engaged in breeding, groups of spedmens, such as 
are illustrated in the following records, are not infrequent:-- 

May 1917. Groups of C. zebra observed in Fairyland Creek. 
All the individuals in each group were closely packed together, eadi 
group being well separated from all the others. The individueds mai- 
ing togeth^ in each group (when copulating couples could be disti^ 
guished with certainty) are bracketed together. The measurement 
are those of Hotal length,’ in cms. ; 
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To what extent * attractive’ secretions may be involved in 
producing these groupings, I am as yet unable to state/ The 
maper will be studied further, as it is of interest, among other 
things, to determine why the several species of Chromodoris 
cannot be made to conjugate with one another, C. zebra does 
possess a characteristic and very penetrating odor, 

The details of copulations were examined in the laboratory. 
When two individuals come near together it is frequently to be 
observed that one of them is stationary, the other moving toward 
it. This occurs in still (non-cireulating) water. When they have 
come within, about 10 cms. of each other, if not before, the 
genital papillae are frequently protruded. In many instances the 
protru^gn^ evidenced 'by one of the animals earlier, or more 
strikinj^j^fen by the other; in a number of cases it was noted 
that the lonner individual was relatively stationary, the latter 
moving toward it. Often the animals come together either with 
thrir left sides in apposition, or ‘head on;’ in either event they 
slowly move about until mally, headed in opposite directions, 
the surfaces of the right sides are in contact. This operation 
may requ^ as much as an hour, or longer. The genital papillae 
become ©dually more prominent, and ^hibit movements of 
extension Rnd partial retraction which are more or less rhythmic, 

■ Not uncommonly the protrusible pharynx is everted, and the 
lij^ are pfeed over the surface of the other animal. This be- 
hmor has also been observed in the field. 

"When the two individuals are of nearly the same size, they be- 
come fitted to one pother after the manner sketched in figure 16, 
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Sometimes conjugation is effected witE leas>traubl|^ 
speedily, because the specimens are of nearly 
are from the first so situated that their ri^t ^d^ are hf (^f 
tact (figs. 17, 18); in other cases difficulty is experi^c|d in 
bringing the reproductive openings together. Two huditeiiichs 
differing greatly in size are, under ordinary conditjcais, imable 
to accomplish this, (fig. 19), and, foUo^g futile attempts at 
copulation, will (usually after a short time) wander apart. 

The whole character of the animai^s behavior in these experi- 
ments supports the contention that the nudibranchs are * at- 
tracted^ to one another as a result of reactions to specific secre- 
tions; the ^epidemics’ of conjugation in aquaria, referred to in a 
previous section, may also be cited in this connection. The|IDn- 
sumraation of pairing depends upon these specific reactions (in- 
cluding those of the terminal papilla of the geniM ducts),- and 
upon the mechanical condition that the papillae may be brou^t 
together. 

A certain amount of equalization of ^size’ does occur, but it 
is not efficient in promoting copulation between individuals dif- 
fering several centimeters in length. The openings of the repro- 
ductive ducts are situated in the same relative position in speci- 
mens of all sizes, the distance from the mouth and height above 
the surface of the foot (when the animal is quietly creeping) 
being each directly proportional to the total length of the ani- 
mal (fig. 20). Contractions of the general body musculature, 
and movements of the protruded genital papilla, are both in- 
volved in the efforts to overcome differences in the sizes of indi- 
viduals endeavoring to mate; the latter movements are less 
importtmt. These nudibranchs can contract to such an ext^t 
tl^t the length ^over all’ is about 80-85 per cent of its norm^ 
extent when not specially contracted; the distance betwem 
mouth and genital atrium can be sinularly shortened. In to 
copulation of two specimens equal size the animals are some- 
times contracted to a certain extent, but the usual condition in 
such a case does not involve noticeable shortening. The prin- 
cipal effect of the shortening is to bring shoni an elevaticm M 
the g^ital orifice. It may in this way be entj^yed by a smalfe 




16 Illustr&tiug the attempted conjugation of two specimens of 8ome> 
what dilfereni sise. Outline sketch, dorsal view (gills omitted). X }. At the 
sidOi sketch &o\riing manner in which the genital papilla is protruded. X 1. 

lig. 17 Siuatrating the copulation of two individuals of equal siae ; seen from 
the ventr^ surface, thrOu^ glass wall of aquarium; as contrasted with the pair 
^own in Hg; 16. The animals here are somewhat contracted, X 
Hg, 18 A. case similar to that in Fig. 17. The anterior end of individual 
to 1^ is extended, tiie lips being passed over the surface of its partner. 

Xi. 

^1# tJnsuccessfuI attempt of two individuals of different sizes to engage 
in ^jugatiop. Relate positions of reproductive appertures indicated by 
<feiied oirelar (2, that Of individual to the left; 1, of that to the right; 2 was 
^ about 1 cm. hi^er thim 1) . X i 
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animal endeavoring to mate vdth a large one, but eiiek attetoptt 
are not as a rule successful. In special situations t^ pfCK!^ 

^ equalisation^ of sises may be effective, but it is of pAiaiy 
importance, ■ 

Nor, as a rule, are the movements of the elevated gaiitd pa- 
pilla effective in ^equalizings the size of two nudibrahchs, tour- 
ing the close approach of two specimens which are attmptihg 
to copulate their pafnllae are considerably protruded. In the 
center of each papilla is the opening which commimicates with 


; m 



Fig. 20 Showing the relation (A) between total length and distance of genital 
papilla from mouth; and {B) between total length and hei(^t of the papilla 
above ventral surface of the foot, in creeping. 


the sperm-receptacle and seminal duct. The surface of the 
papilla apparently corresponds to the inner surface of the'"* genital 
atrium^ of Smallwood and Clark (12), who give a dkgrammatic 
figure of the reproductive apparatus in this species. As the 
two papillae are brought nearer and nearer together, they be- 
come still further enlarged, and when their tips con^ into.con- 
tact the movements of the animals as a whole cease. A slow 
pulsatile motion of extension and retraction is now evidenced 
by each papilla, the movem^ts being reciprocal and the two 
papillae remaining closely, pressed together. If two incfividuids 
in this condition are separated by a slight displacement of one of 
them with a ^ss rod, the genital papillae become widely 
truded, and are usually quickly succe^ul in returning to 
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position when the rod is withdrawn. If one individual of 
& pair be slo^riy moved away from its mate, the papilla of the 
untouehed nudibranch endeavors to follow its partner in its en- 
' forced retr^t. The termination of the preparatory manoeuvers 
comes when the penis of one Chromodoris is inserted into the 
central opening of the papilla of its mate. The reproductive 
apertures are in this case pressed together by muscular contrac- 
tions, and not held in place, as in some other nudibrapchs, 
either by copulatory clasping organs (Cumanotus; Eliot, ’08), 
or by a thickened mucous secretion (Montagua; Smallwood, ’03). 

The penis is unarmed. 

I have made attempts, but without success as yet, to deter- 
miiie whether or not that individual of a pair which has been 
most active in conjugation (the moving member of the typical 
pair previously described) is in every case, or in most cases, the 
first to engage in insemination. If the pair be undisturbed, 
mutual insemination frequently occurs, and I believe it to be 
usually the case here, as in other large nudibranchs. 

Finally, some exs^ples may be cited which serve to illustrate 
the efficiency of the process of mutual selection with respect to , 
size. Wher# the difference in the length of two specimens 
amounted to 5 or 6 cms., the ’trial and rejection’ (to use a con- 
venient but misleading phrase) occupied but a few minutes. 

The observations here given are typical of many others which 
were collected. 

Escpi* 10.42. April 18, 1917. Chromodorids maintai^d^ in the 
laboratory three and one^haJf months, without food. Their sizes had 
decreased to such an extent that most of the specimens were one-half 
to two-thuds ffieir original length. The following pairs were ob- 
serred to he in copulation at one time, there being in all 13 specimens of 
dffikent sto in the one aquarium. 
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Expt. 10.57. Apnl 24. In an aquarium eoniaimng 
]ected chromodorida, a spedmen 13.5 oms. kmg waa seen 16 be 
c^ul in attmpting to copulate mth another 8.7 cms. in togtni 
15 znin. later it ^refused’ a second one, 9.5 cms. bug. After 30 min. 
it mated successfi 41 y with an indiyidual which measured 12.2 cans; 

Expts. 10.6 WO!^. In each of the fdiowing cas^ the anhnate 
vihom lengths are tabulated together plaeed in a rin^e aquarium. 
The^ ' ..... 



<m. cm. cm. cm. cm. 

f 15.0 17.0* 11.4 13.9\ 14.0 

Lengths 12.0\ 12.0\ 9.6\ 13.8J : 13,0 

[ 12.5/ 11.0/ 9.3/ 12.6 12.6 

12 . 6 \ 

10.3/ 


Expt. 10.93.1. May 18. Five C. zebra were placed in a 9-gallon 
aquarium supplied with running water. Their lengths were respec- 
tively 



These individuals were all collected on May 18, but in different 
places, (a) and (c) being obtained in Millbrook Creek, the rest in 
Fairyland Creek. They were ^ear-marked,* so as to be s^arately 
recognizable, by having a small piece clipped from different parts of 
the mantle; this iDjury caused the nudibranchs no inconv^ence. 

After two hours, a was observed unsuccessfully attempting to copu- 
late with e, and 5 with c. On May 1.9, there were found pairing to- 
gether 0 with 5 and c with d. The animals were isolated, and 5 ahd d 
subsequently laid egg masses. 


VII ON THE CONSBIQUENCE OF HOMOGAMY 

This paper is concerned primarily with the demonstration of 
the fact of assort^e-mating in Chromodoiis. It may never- 
theless be well to consider some of the possible results of hom^- 
amy in this nudibranch, although steveral of Ae mitters con- 
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01 ^]^ ia disimioR lure m need of more complete treat- 
the^eyideace reqniied^fe l^tment I hope to idbtain 
k the near Ait^ On some points the evidence already se- 
cured % I Wieve, sufficiently clear. 

WimiMo specimens of C. zebra have suc(^ssfully copulated 
&ey after a time wander apart and usually proceed each |> de- 
posit an egg mass. This does not invariably occur, since some- 
times only one member of a couple will lay eggs, but it is by 
far the more usual condition. There is here no evidence of 
functional protandric hermaphroditism, as claimed by Orton 
(^14 b, p. 324) for somoismall nudibranchs (Galvina); indeed, it 
would seem improbable that protandry could coexist with assort- 
ive matii^, whatever be the relative rates at which the eggs and 
sperm are originally matured. Active sperm was found in the 
vas deferens of. animals which contained well developed eggs, 
as well BB in some which had just deposited egg masses after con- 
jugation, includmg certain small specimens (5 cms. long), as 
wdl as some of average length, and some very large ones (18 
cms. long); 

During copulation of Chromodoris the exchange of sperm 
is not simultaneous, but one individual first acts as a. male, 
then the other; so that if two conjugating specimens be arti- 
ficially separated after they have been united for a short time, 
it is frequently to be observed that sperm is flowing from the 
8hort^)enis of one nudibranch, which had been inserted into the 
vaginal orifice of the other. When conjugating specimens are 
segregated in separate aquaria, it is found that in many in- 
stances one nudibranch^vdll deposit eggs, the other not; while 
in still other cases both animals will deposit egg ribbons, al- 
thou^ one of these may be very imperfect and contain but a 
few fertilized eggs. From such observations I draw’^the con- 
clusion, ^that as a rule mutual fertilization takes place during 
the conjugation of O^rOTaodoris. This conclusion rests further 
upon tfc continued observation of ftnimala which had conju- 
gated in aquaria and had subsequently wandered apart without 
being in any way disturbed; in moat instances two egg masses 
were the result of such matings. 



2 ^ 


It is true, however, tlmt a number of 
wste^ in detail where the animals ^tar oehiugate s^)aitil^ 
in the absence of outside interrention, yet only <«ae of them de- 
posited eggs. In these instances the same two nudibrancy, 
when placed tc^ether in a separate aquarium, were found to pair 
tog^er again within the next day or two, Ae result being that 
theikother specimen deposited an egg ribbon. 

These observations receive additional support from the Add 
collections. It is not uncommon to find two ChrcBnodcnis and 
two nearby egg masses in the contents of a single dredge haul 
Moreover, in the one situation {deiscrSM on a previous page) 
where C. zebra has been found in ^pockets^ under the cover of 
stones, I was able to convince myself at differ^ times that the 
number of freshly attached egg ribbons nofeed in these places 
corresponded to the number of animaLs preset. 

Hence it is, I believe, safe to employ the idea that, broadly 
speaking, reciprocal fertilization occurs in these nudibranchs; if 
this is not true at each particular act of conjugation^ at least 
it can be held that animals of nearly the same size fertilize eadi 
other, and that each animal deposits eggs. 

1. Number of krme produced. The size of the e^ mass de- 
posited by C. zebra is a function of the size of the animal. This 
concerns the length of the ^ ribbon as well as its breadth, the 
latter probably depending upon the diameter of the oviduct. 
The number of eggs contained in each mass also dependg upon 
the size of the individual The length of an egg ribbon and the 
number of its contained eggs may, of course, be determined by 
other, additional, infiuenccs--^ch, for example, as the number 
of eggs already laid during the season. The reception of smne 
sperm is apparently sufficient to induce the beginning of egg lay- 
ing, an<f there is a certain amount of evidence going to show that 
once started the process of deposition continues automaticedly, 
whether the ribbon d jelly contains fertilized or not. Thus, 
if . an individual be separated from its mate before inseminaticm 
has been carried to completion, it wiE in many cases lay a riW^ 
of jdly which is of normal size, but in which only the pari first 
deposited contains fertilized eggs, these hemg sometimes fd- 
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bwed b j $n u^ipdzed ms6 of unfertilized ones. Also, if the 
be disturbed during the aet of egg laying, ihe etf 
sti^ is usually bro^ off and ano^er (disorganize one 
formed subsequently. Very few irr^ular egg masses are ever 
found b nature, however, and it is unlikely t^t the animals are 
disturbed to any extent while engaged b egg-laying. The^um- 
ber of egp lost through this agency cannot, consequently^ be 
very ^^t. On the other hand, the abnormal egg masses, in- 
cludbg many unfertilized eggs, which are laid by Chromodoris 
as the result of bsufficient insemination, have an important bear- 
ing upon the possible signihcance of assortive conjugation. 

It is well known that most nudibranchs deposit large quanti- 
ties of eggs (cf. Ehot, '10). For Chromodoris zebra, Smblwood 
('10, p. 140) calculated that 8,000-10,000 eggs were contabed b 
each spiral. It is said that b Doris tuberculata 50,000 eggs 
may be Md b a sbgle mass, and correspondbgly large numbers 
have been observed for some other genera. I made estimations 
of the. number of eggs b the ribbons deposited by C. zebra, 
and found this number to vary from 2,380 to about 20,000. 
The eggs when laid are imbedded b a flat, fairly regular, closely 
coiled spiral ribbon of jelly. The estimates were made by care- 
fully counting the number of eggs b each of three or five turns 
at different positions m the spiral, and then multiplying the 
averages of these counts by the number of turns b the whole 
ribboji. The data are plotted b figure 21. The egg-masses 
bvolved b tbs tabulation were laid by fresby collected nudi- 
branchs, segregated b the laboratory, so that the origb of the 
eggs was defimtely known. Egg masses obviously abnormal were 
excluded from the counts. 

Egg Dosses collected b natural surroundbgs were also exam- 
ined, and found b some bstances to contab a little larger 
“number , of eggs than the largest one bcorporated b figure 21. 
The rar^ of sizes, and of numbers of eggs, was not, however, 
significwitly different from that for the egg ribbons laid b the 
aquaria. It is therefore legitimate to conclude that the lai^ 
nudibranchs normally deposit many more eggs at a sbgle laying 
than do the -snail ones. 



It was to be expected that & numb^ of b|; £^^ 

» d increase with the si^ (rf the animal This 
be* the case with other molhiscs, ---in 


Fig. 21 Showing the relation between length of individual and numb^ of 
eggs deposited in one egg ribbon* 

example (Conklin, 12). By analogy with other processes, Mch 
as rhythmic movements (Crozier, 16 a, p. 311) and the inodiic- 
tion of water currents (e.g., in Ascidia; Heohtj /16), we sh(ml| 
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i&^B8tartions of per unit wei^ 

of individual (within a ^ven species) to decrease with 
siase the animal. ^ In Ghromodoris the number of eg^aepos- 
itod at one time is almost directly proportional to the length of 
the anim al (fig. 21), the slope of the curve even increasing some- 
what with the larger lengths. Figure 22 makes it appear that 
the production of eggs at one time per unit weight of animal, 
as in the other instances of ^ergy transformation cited, falls off 
somewhat with increasing weight. 



Fig. 22 Ouive icdicsting, on the basis of Figs. 14 and 21, the general relation 
between weight of an imal and number of eggs deposited at one time. 


It is possible that the larger animals mate oftener, and lay a 
greater number of egg masses, than do the small ones; if this is 
indeed the case, their relative importance in propagation is to 
that de^ enhanced. 

H From the foregoing discussion it will appear that in any at- 
tempt to appraise the s%nifieance of assortive conjugation in 
Ghiimodoris the following items must be considered:— 

1) Effective mutual fertilization is involved. 

2) As the result of insemination, a single egg mass is deposited. 

3) If the sperm received be insuJB&cient in amount, a disor- 
ganized mass of unfertilized eggs is frequently deposited. 
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4) The ecmtained iu 

ribhsm m prop(tt1ional to size of the anhnal. ^ v 

These facts lead to the view that assortive mting is disUnetly 
advantageous to G. zebra. It results in the conservation oi eg^ 
(presumably of sperm also), and, through the couplii® of 
individuals, insures that the number (rf fertilized acti^y 
set free shall be greater than that which wotdd follbw fw 
random pairing. Both of these effects may be regarded as 
making more certain the establishment of the greatest posdhle 
number of larvae. 

The adult C. zebra, as I have elsewhere described (Crozier, 
^16 b; 17 a), is well provided with the means for securing im- 
munity from destructive attack. This opinion is not vitiated, 
but is on the contraoy emphatically substantiated, by the oc- 
currence of injured specimens, as previoudy noted in this p^per. 
This nudibranch is in fact one of the most plentiful Aninmla in 
Bamuda waters. That the pelagic veliger is equally immune, 
seems highly improbable. For the continuance and increase of 
the species the larvae must be as numerous as possible, and 
toward this end many features in the ecology of Chromodoris 
cooperate. From April to June the eggs require 15 to 20 days 
(in the field) before they escape from the ribbon of jelly and 
lead for a time a free swimming existence; this is about the 
period recorded by other observers for the development to hatch- 
ingin various Doris eggs (Pelseneer, ^99, p. 515, where the hatch- 
ing time of Eolis eggs is given as 9-17 days; and Eliot, 10). 
During this early developmental period, the are pro- 
tected by a repugnant jelly. I have never found an ^ mass in 
nature which had been damaged, and no animals will partake of 
them, although they are commonly deposited in exposed situa- 
tioi^, and are of a bright red color (becoming j^e orange as 
development proceeds). Among the notable features of thft 
case the followii^ may be mentioned: 1) reproduction through- 
out the year; 2) the shoreward migrations of nmy individuals 
at certain p^ods, and the responses which at sudi times result 
in the cone^tration of the nudibrancdis within the bounckuieB 
of creeks and bays, so that ku*ge numbers (sometimes himdreds) 
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^ Hie a n ii B a b m proper physiological condition for reproduction 
ate amidtaneou^ brou^t near together; 3) the immunity of 
the adults, and of th^ egg ribbons; and 4) the practice of 
assertive mating with respect to size. 

Goncendng the last of these points, it has been shown that 
coupling probably operates by conserving the genital 
products and by insuring that as the result of any particular 
copulation the number of eggs fertilized and liberated is, on the 
average, greater than that which would be the outcome of ran- 
dom pairing. On these grounds I believe it not entirely correct 
to say, as Pearl does (^07, p. 274), that assertive mating in 
' somas is probably vastly less important than it would be if it 
occurred in the fusion of gametes. It is well known that some 
littoral molluscs which pass through a pelagic stage (t.g., Ischno- 
chiton; Heath, 1899) lay vast numbers of eggs, very few of which 
are able to attain the adult state. For the continuance of the 
race^nd for the multiplication of its members, thus possibly 
affording greater opportunities for its evolution— any influence 
tending to further the production of numerous young is clearly 
of the utmost consequence. 

From the standpoint of the theory of adaptation it is, I take 
it, hi^y significant that this “adaptive” result may be under- 
stood to follow mechanically from the circumstance that Chromo- 
doris of different sizes are sexually mature. This is not exactly a 
case whidi can be grouped with the striking instances of adapta- 
tion to T^ch Eigenmann, Cu^not, Loeb (16, p. 343), and others 
have applied the term (or idea) of ' preadaptation. ^ It is rather 
one of tlH)se eminently 'purposeful^ practicesr— yielding no spe- 
cific ult^or advantage to the individual, yet probably signifi- 
cant in the history of the race — which nevertheless depend auto- 
matically^ upon the structure of the organism (Parker, 13),* in 
ftself determined by quite independent and unrelated causes. 

* In this connection it may be noted that in the interesting case of some vivip- 
arous there is exhibited a condition which might at first be taken to 

favor, assor^ve mating, in the sense that homogamy of a certain type might 
thereby be rendered ‘^‘vi^uable to the species.” There is, however, no evidence 
of areortlve pair^, and indeed, with respect to the character in question, it 
could not ocdirr. According to Eigenmann (1894, p. 417), in Cymatogaster the 
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2. Size. li is said iMt nudibran^ die j|909 
positing eggs (Eliot, 10, p. 18). Iliese aimnkls are ofteaa sup- 
posed to live for but one year, passing throu^ a aingie breeding 
season.^ The life history of Aplysia is said also to 1^ of thfe sort 
(Storrow, 15). Available knowledge of the life histcri^ of 
marine animals is far too fragmentary to allow (d much gener^di- 
zation, but as a rule this particular kind of life cycle seems 
typical of species exhibiting a restricted period cd breeding in- 
itiated by some special kind of behavior (e^., the case of the 
medusa Linerges; Conklin, ^08); in many of these instance the 
mature animals are all of about the same size. 

With Chromodoris zebra I find it difficult to believe either that 
,the individuals live but one year, or that they breed but once. 
The size ^quency distribution is practically identic^ through- 
out the year. It is true that, after d^ositing e^, some inffi- 
viduals quickly succumb when confined in aquaria; it is also 
true, however, that specimens of lengths ran^g from 4 to 17 
cms. will, even in the absence of food, live in the laboratory for 
several months after they have first deposited eggs, during which 
period they usually lay several additional egg ribbons. The 
several moribund specimens which I have been able to discover 
in the field were each 14-16 cms. long. Provided the idea were 
correct that C. zebra is an annual, and that the size variation 
could not wholly be accounted for on the basis of the mnounts of 
food assimilated in different cases, then it might be necessary to 
fall back upon the conception of pure lines” possessing .differ- 
^tial genetic factors for size, as in Paramecium. In this ev^t,— 
which is, however, highly problematical, —assortive pairing would 
have the effect ascribed to it in Paramecium (Jennings, Ti b), 
namely that the boundaries of the several *pure lines^ would 
through this influ^ce tend , to be perpetuated and maintained as 

number of egp or embryos contained in a single fe^ide increases with tiiie sue 

tiie animal; the larger females are said to mature earlier the jailer odes. 
But conjugation with males (which are smaller tl^an tihe female) dccdiif in June 
or early July, whereas the eggs are not fertilised, at the eai^ret, etisu- 

ing December. This may, I belieTe, be regarded as $ .those insreheoi in 
which part # least of the apparatus essential for hig^y “purpos^ul” behawor 
seems to be av^able, yet remams unused. 
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the result of biparental inheritance. Beyond commenting on 
the. possibility of such an effect, there is no good reason to 
speculate upon the matter. 

The coloration of C. zebra is rather variable. Certain fairly 
dbtmot types of (sploration may be distinguished. There k no 
correlation between color variation and size, and there is no de- 
tectable tendency for specimens of the same color type to pair 
together. 

3. Species crossing. One other species of Chromodoris, C. 
roseapicta Verrill, k also found at Bermuda, It k commonly 
of about the same size as C. zebra, but it k much less numerous 
and its habits are quite different. The two species have never 
been found in association. So far as size merely k concerned, 
there seems ho a priori reason why members of these two species 
should not pair. In nature it is probable that they meet rarely 
if at all Even when they are confined in small dishes I have 
never succeeded in inducing C. zebra to mate with roseapicta. 
The mutual attraction of members of each species probably de- 
pends upon reactions to specific substances which the ripe indi- 
viduals secrete. Assertive mating can play no part in the pre- 
vention of interspecific crossing. 

VIII SUMMARY 

1. Conjugating pairs of the nudibranch Chromodork zebra 
mating tmder natural conditions were secured to the number of 
148. Copulating individuals ranged from about 4 to 18 cms. in 
total length. 

There is found a rather high degree of correlation between 
total leh^ (and other tensions) of the two cmnponents of a 
pair, fot the total length, r - 0.608. 

2. Mfes experiments under laboratory conditions substantiate 
this fintog. The index ot correlation for total length, in 119 
pairs, was r « 0.721. 

3. Diect observation of mating behavior shows how thk cor- 

thCj^ult of assertive mating. In most cases large in- 
dividuak male auccessfully with krge, small individuals with 
small. The homogamic correlations for different dim^asions of 
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pairs in i^ture also that sise ^ sueh^ andinot (?) po^on 
in the reproductive cyck/ is the basb d sdection^^^ 

4. C. zebra is functionally h^niaphrochtic, and effecti^^ 
dprocal ins^ninatkm is practiced. 

5. The number of eggs deposited in a dn^f mass vaiiea from 
2,000 to 20,000, and is almost directly prqportknal tp >ifre 
length of tiie animal. The larger anim^ possib^ lay 

more egg masses in a given time than do the small ones. 

6. It is consequently of advantage to the ^jecies that large 
individuals should mate tc^ether. In this way the numbers d 
eggs fertilized, and pesumably of larvae set free, as the result 
of any one mating, is on the average greater thmi that vduch 
would be product if randon pairing were the rule. Moreover, by 
means of assertive conjugation eggs (and spenn?) ^ conserved. 

7. Selective pairmg has in this case a result which is 

fore of a distinctly advantageous or purposeful” character, since 
it makes for the multiplication of the species. This “adaptive^* 
behavior is nevertheless clearly an automatic consequence of 
the fact that the e^ are fertilized internally, necessitating tiie 
copulation of adults; and 2), more immediately, of the very 
condition that the size of the body is not identical in aB sexual^ 
mature individuals. 


IX POSTSCRIPT 

The preceding account is based on observations made in late 
spring (April &~May 5, 1917). It was thought to be of suflicient 
impOTtance, as part of a further study of this matter, Jo see to 
what extent similar findings would result at another season of 
the year. Early in December, 1917," at the b^innjng of a 
period of shoreward flocking (Grozier, 17 c), naturally occurring 
pairs were very infrequent in Fairylimd Creek, the area dealt 
with in the collections of the previous sfuing; not enpu|^ ma^ 
terial of a homogeneous order could be secured for the purpose 
in ^ew before the work had to be intemq)ted, ^though k ^ 
isolated pairs secured it was evident til^t asipr^^ 
was Uie rule. Recourse waa theref<sre had to a mating esperir 
ment, carried out mib animals secured at thk time. 
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Betwe^ forty and fifty randcan individuals of various sizes 
were pkwjed in a large jar of running sea water. Two days later 
nxneteen mating pairs were simultaneously secured in this popu- 
lation, and measured. The method of measurement was as 
given in the early part of tlis paper. The accompanying table 
(table 6) and figure (fig. 23) present a summary of the evidence 
thus obtained. The number of pairs (19) is small, yet affords 
adequate ground for the contention that at this season (De- 
cember) the intensity of homogamy with respect to size is as 
as that found in April. 

It seemed that toward the end of the first week in June, 1917, 
the abundance of Chromodoris in shallow situations began no- 
tably to decrease; this was not due to my “overfishing” in the 
area most intensively studied, since it was equally true in other, 
unmolested, areas normally frequented by this nudibranch. In 
December they began again to increase in number in shallow 
regions near the shore. If it were to be held that these months 
mark approximately the termination of one ^breeding season’ 
and the initiation of the next succeeding ^reproductive period,’ 
we should be faced by the difficulty that individuals of such 
diverse 81^5 are about equally engaged in propagation at the 
beginning and at the conclusion of a ^reproductive season/ 
This condition is, however, consistent with, and adds something 
to, a conclusion elsewhere (Crozier, ’17b, p. 381) favored, namely 
that the more or less periodic shoreward flocking of C. zebra 
does not signify the incidence of a special propagative period. 

In Deceml^r, under laboratory conditions, two individuals of 
average size (10 ems.) will conjugate, or attempt to, at intervals 
of four Ur five days. One pair laid four egg masses (two each) 
in twelve days, and other couples deposited egp in six-day to 
seven-dUy periods ; however, after the third egg laying, which com- 
prised a relatively small number of eggs, no further, masses were 
obtained.* Egg laying, at this season, occurs two and a half to 
three days after conjugation; in June, within one to two days. 
Tht number ^ contained in a single mass is, for animals of 

• In m(jst after a variable number of weeks, even without food, eggs 
are again deposited. 
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Fig. 23 Showing the relation between the length of C. eebra and average 
aLse of ite mates in conjugation, for Id pairs obtained in an experiment under 
laboratory conditioms. The class unit is 1 cm., the measurements J>eing of 
total length. Length classes, abscissae; aver^ length of mates, ordhratea. 


TABLBI 

Single-entry correlgHon table {Jenninge), showirig the size relations in 19 poire of 
C. zebra obtained in (me mating experiment {see text} 

Notx : The unusually high correlation observed in this table is an accidental 
result of the small number of paira (Id) concerned. 
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June; thus, in May, with a sea temperati^ of ^ j 11 
between 9 and 12 cm length laid on the aveiage 737(j! ^;gs in ib 
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9 ^ in December, with a sea temperature of 18^ 
9,|Qa^ laid by individuals 9 to 12 cms. long contained on the 
aifeage 6,290 eggs (indicating a “temperature coefficient (?)“ 
of about 1.6). The time required for the deposition of a mass 
coritaining 4,000-6,000 eggs varies from 3 to 5J hours.’ 
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lateral cilia, the multiple macronuclei, and the tapering posterior 
end with a broad point. Less important characteristics are the 
size, the exact number of macronuclei, and the position of the 
contractile vacuole. (Engelmann does not mention the con- 
tractile vacuole in his description, but in the two figures yhich he 
gives it is represented as a simple spherical vessel lying in the 
posterior part of the anterior third of the body.) 

The New York variety differs in respect to these minor char- 
acteristics as indicated in the following description: 

New York variety of Uroleptus mobilis. Body.form constant, 
plastic, circular in section (figs. 1, 3); about 10.5 times longer 
than broad (based on averages of measurements of length and 
of breadth at center of body), and tapering gradually to a broadly 
pointed posterior end. The posterior end is permanently curved 
tow^ards the ventral side, (Engelmann does not mention this 
curvature, but represents it in his figure.)' The lateral cilia are 
long and distinct and sparsely distributed along straight rows 
mnning from end to end and around the posterior end of the 
body. Owing to density of the protoplasm, the ventral cilia 
cannot be made out on the living organism, but in cross-sections 
it is evident that three rows of ventral cilia are present, and 
that they are finer and shorter than the lateral cilia (fig. 3). 
The frontal cirri, three in number, are placed in an oblique row 
at the extreme anterior end of the ventral surface. The termi- 
nal cilia of the ventral rows are conspicuous at the anterior end 
and give the impression of five or six frontal cirri. 

The peristome occupies about one-sixth of the entire length 
of the body and this region is slightly flattened. The peristome 
is very narrow Avith an obliquely curved row of powerful pyra- 
midal membranelles on the left side, but almost filling the peri- 
stomial area. The right margin is sharply cut with a narrow un- 
dulating membrane inserted betAveen it and the adoral zone 
(fig‘ 2). 

The macroniiclei are eight in number, and, in the vegetative 
stages, each possesses a typical nuclear cleft. The micronuclei 
are variable in number from tAvo to six. They are minute and 
homogeneous. 
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Fig. 1 Uroleptus mobilis Engelmann. Normal vegotative individual with 
characteristic curvature of posteror end; eight macronuclei each with a nuclear 
cleft; four micronuclei and central contractile vacuole. X 800. 

Fig. 2 Peristomial details. Adoral zone, undulating merrtbrane and three 
frontal cirri. X' 1500. 

Fig. 3 Cross-section through anterior region near the mouth of a conjugating 
individual Two lateral and three ventral cilia arc shown in characteristic posi- 
tion, indicating the five lines of cilia. The asymmetical peristome is indicated 
by the single mcmbranelle. The section also shows the anterior macronucleus 
and one of the maturation micronuclei. X 1500. 
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The contractile vacuole is single, spherical, and lies in the 
center of the body near the dorsal sui'face. 

The protoplasm is dense and alveolar with few granules in the 
endoplasm, but with many refringent granules forming a heavy 
granular' coating in the cortex. These granules mayfjossibly 
be mitochondria, although the mitoclAndria methods have not 
been used to detennine this point. They are spBerical in the 
ordinary vegetative stages, but are drawn' out into rods which 
divide transversely during division stages. 

The length of vegetative forms varies from 14Q to 165 n, and 
the diameter at the center of the body, from 11 to 17 ju. 

*rhe cysts are spherical and the cyst wall smooth with an 
average diameter of 32.7 pc. ■ 

While EngelmaniVs species averages 300 in length, the present 
form averages only 158 ^ in the normal vegetative condition. 
The dividing and conjugating stages arc much* shorter, but 
jiave a larger diameter. These measurements are, shown in the 
accon pjumng table: ' . ■ ' 





AVERAGE 

LENGTH 

1 AVERAGE ' 
DIAMETER 

EXTREMES 

Vegetative stage^! 

158.6 M 

15 M 


Division stagO' 

1)9 Om 

30m ‘ ’ 

93M-n5M 

Conjugation stages 

' 105.2 m 

15 fi 

85 m 


A second variation from Engelmann^s species is the number of 
macronuclei. While in the earlier description six macronuclei is 
given as the invariable number, in the New York variety the 
nmnber is eight, six being found in only one individual out of 
many hundreds examined; nine, ten, eleven, and even twelve 
macronuclei are found more frequently than six. 

A third variation is the position of the contractile vacuole 
which lies in the center of the body and not in the au^erior third. 

These variations are not important enough to warrant a new 
species of Uroleptus; they are consistent and permanent, how- 
ever, and justify the belief that the present organism is a new 
and a well-marked variety of Uroleptus mobilis. 
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L TECHNIQUE 
A , Culkire methods 

The first attempts to cuUivate Uroleptus on hay iuf\ision 
failed. ^THe organisms were gradually accustomed to the stand- 
ard hay infusion diet by*placing individuals on successive days 
in the mcdiufn in which they were found, diluted each day with 
increasing proportions of fresh standard infusion. In all of these 
attempts, after the organisms ^vere finall}^ accustomed to fn^sh 
twenty-four-hour hay infusion, their vitality was soon lost and, 
'death resulted. Fresh hay infusion was then discarded, and 
boiled flour water, twenty-four hours old, was substituted, ffo 
make this, 150 mg. of white flour is boihal for ten minutes in 100 
cc. of spring M^atcr and allowed to stand exposed to the air for 
twenty-four hours. 

With this medium it was found that the organisms would live 
and would divide about once in three days. Later, a more sat- 
isfactory medium Avas obtained by mixing two part s of thi? 
flour water, two parts of spring Avater, and one part of old hay 
infusion. This improved medium Avas used for nearly three 
months, the individuals dividing approximately once a day. 
Finally, a still better medium Avas obtained by boiling 100 mg. 
of chopped hay Avith 130 mg, of flour in 100 cc. of spring Avater 
for ten minutes, and diluting this, Avhen tAventy-four hours old, 
with an equal part of fresh spring water. With this medium 
made fresh every day, the organisms divide from one to three 
times per day, giving abundant material for the study of various 
vital actmties. 

’ As in previous culture work, a single individual is transh'ircd 
to about 200 mg. of the culture medimn contained in a flat, 40- 
mm. square, ground glass, holloAved dish, 8 mm. in thickness. 
On the following day the number of individuals is counted and 
a record is ipade of the number of divisions that have taken place. 
A single individual from these is then isolated and transfern'd to 
fresh culture medium made the day before. This procedure is 
followed daily, the records furnishing data for comparison of the 
states of vitality of the race that is not allowed , to conjugate. 
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After an individual is transferred to fresh medium, the re- 
maining individuals are placed in a Syracuse dish containing 
about 10 cc. of the fresh culture medium. Here they multiply 
in large numbers, constituting the ^stock’ material, the source 
of dividing and conjugating fonns. 

B, Total preparations 

In handling the material for fixing and staining, the following 
methods have been used. A dividing individual, or a conju- 
gating pair, is drawn up in a capillary pipette and deposited on 
a clean slide with a minimum of water. The object is then cov- 
ered with a couple of drops of killing fluid. After three to five 
minutes, the object is drawn into a second capillary pipette 
(used only for the killing agent) and transferred to a watch-glass 
containing 95 per cent alcohol. A clean, thin cover-glass is then 
prepared by smearing one surface with egg albumen. The 
%)ecunen is then dra\\ui up in a third capillary pipette from the 
alcohol and spurted on the smeared side of the cov^r-glass. The 
accompanying alcohol coagulates the albumen which holds the 
object during subsequent treatment. Care must be taken to 
prevent drying of the specimen when the alcohol evaporates; 
this is accomplished by flooding the. smeared surface with the 
stain to be used, and setting the cover-glass in a moist chamber. 
To dehydrate, after staining, the cover-glass is placed, with for- 
'ceps, into salt collars or Syracuse dishes containing successive 
grades of alcohol. It is well to use at least two dishes of abso- 
lute alcohol to prepare the object for xylol. After cleaning in 
xylol the unsmeared surface of the cover-glass is carefully wiped^ 
with a dry cloth, and the object is finally mounted in balsam. 

For study of the nuclear structures, I have found that, for 
kilhng, a saturated aqueous solution of bichloride of mercury, 
with a trace of acetic acid, gives excellent results when followed 
by the iron-haematoxylin stain, and this method was mainly 
used in the present investigation. M stages were confirmed 
on material fixed in Flemming’s fluid, Bouin’s fluid, and Schau- 
dinn’s fluid. 
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C. Sections 

The only sure method of getting good sections of eoiijugatiug 
or dividing forms is to embed and section eacli individual, or 
pair, separately j after staining with eosin in absolute alcohol. 
This, however, is a labqjfious method, and for ])urposos of con« 
firming or supplementing the obser\'ations on total pn^parations, 
fixing and embedding en masse is adequate. For tins pinpose I 
use the following method. Only rich cultures of conjugating or 
dividing forms should be used. These should be collected in a 
pipette with as little water as possible and spurted into a test- 
tube filled with the killing agent. At the same time a quantity 
of thick zoogloea from an old hay infusion is fixed with the organ- 
isms to be sectioned. 

The test-tube is thoroughly shaken in order to entangle the 
organisms in the zoogloea. After these have settled, the fluid is 
decanted and the process repeated with the different fluids needed 
for washing . and dehydrating. The material is stained with 
eposin in absolute alcohol, and the zoogloea, no\v a compact, 
rounded mass, is finally embedded and sectioned. This method 
has been employed for many kinds of minute organisms. 

II. THE NUCLEI IX DIVISION 

In the living material early stages of division are easily recog- 
nized by the reduced length and the increased diameter of the 
body. If a good culture, which has not been recently fed, is 
transferred toTresh culture medium, a rich harvest of dividing 
forms may be obtained in a few hours, and all stages of division 
.will be found amongst them. 

A. The macronuclei 

The eight resting macronuclei of Urolcptus mobilis, all have 
the same structure (fig. 1). They arc densely granular, with a 
delicate membrane about them, and with the nuclear cleft (Kern- 
spalt) characteristic: of the hypotrichous ciliates. As to the sig- 
nificance of this nuclear cleft, I shall have something to say in a 
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subsequent paper. It is not present in young cells after divi- 
sion, nor during conjugation, and disappears at an eaHy stage 
of the division activities. 

The two por,tions of each inacronucleus, separated by the 
nuclear cleft, are apparently different in chromatin make-up, 




Fig. 4 Early stage of division. The macronurlei have lost/ or are losing, the 
nuclear cleft and the distal chromatin; the five micronuclei are in mitdiBis; the 
new adoral zone forms anteriorly to the center of -the body. X 800. 

Fig. 5 Division ^tage with fragmented macronucleus preparatory to fusion. 
X 800. : . 

Fig. 6 Fusion of the macronuclei. Four micronuclei in mitosis. X 800. ■ 

one portion being less dense than the other. ’ At an early stage 
in division the chromatin granules of the less dense portion, con- 
centrate into a single granule in each nucleus (fig. 4). Later, 
these * granules are cast off, and arc absorbed in the 'cytoplasm 
(fig. 5). This differentiation may be accompanied by further 
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fragmentation of the remaining nuclear parts, resulting in from 
twelve to fourteen smaller masses (fig. 5). In all cases^ however, 
after elimination of the chromatin granules, the nuclear fragments 
fuse to fonn a single elongate and irregularly wound nuclear mass 
(figs. 6 to 9): The granular contents condense, with shortening 



Figs.*?' 8, and 0 Stages in concent rat ion of the macronueleus. Three and two 
mitotic nuclei; X 800. 

and loss of the irregularities, until a single, densely granular and 
massive, nucleus results (fig. 10). It is now ready to divide; it 
assumes an ■ ellipsoidal form; its chromatin granules become 
arranged in- lines mnning from end to end (figs. 11 and 12), 
and it constricts in the center, forming a typical dumb-bell 
figure before there is any external sign of cytoplasmic diyision 
(figs. 13 and 14). 
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The daughter nuclei next divide to fonn four nuclei, and these 
in turn form eight, four of which belong to the anterior half, 
four to the posterior. The lines of densely staining chromatin 
granules are retained throughout all of these division stages, a 
characteristic dumb-bell nucleus being formed at each stage 
(figs. 15 to 18). During the division from four into eight the 
cell constriction deepens in the division zone, and the cell divides, 
the two daughter cells having four nuclei each (figs. 18 and 19). 



Figs. 10, 11 and 12 In figure 10 the nuclei are fully prepared for division; 
figures 11 and 12 show elongation of themacroiiucleus and increase of micronuclei 
to four and six, one. degenerating micronucleus in figure 12. X 800. 

The four nuclei finally divide once again, after division of the 
cell and after separation, and the eight nuclei, characteristic of 
the normal vegetative phase, are fonned (figs. 20 and 21). At 
each nuclear division the connecting strands are severed so that 
the daughter nuclei are not connected by any iinin or chromatin 
material. 

The formation and significance of the nuclear cleft after divi- 
sion is a, complicated problem in itself which will be discussed in 
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a subsequent publication in connection with its appearance after 
encystment, after conjugation, and during regeneration. 

In connection with the history of the niacronucleus as given 
above, I find it difficult to interpret Engehnann’s statement, that 
the number of these nuclei, in his species, is constantly six. 
Such a condition might arise if two of the nuclei produced by the 
second division, should divide again; or it might arise if two of 



Figs. 13, 14, and 15 Division of the niacronucleus and beginning cell division. 
X 800. 

the eight nuclei formed by the third division should degenerate. 
A third possibility seems more probable, viz,, that Engelmann 
was mistaken. 


B. The micTonuclei 

The history of the niicronuclei during cell division is much 
less clear than that of the macronuclei. This is due mainly to 
the fact that the number is not constant; some cells have six, 
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some jive, some four, others three, and still others only two. 
The minimum number, apparently, is two; this is the nrnnber 
present during reconstruction of the nuclear apparatus after 
conjugation and the number that undergo the second matura- 
tion division. That some micronuclei disappear by absorption 



Figs. 16, 17 and 18 Second division of macronuclei, eight and twelve micro- 
nuclei. X 800.* 


during vegetative stages is evident from the not infrequent pres- 
ence of faintly staining ghosts of micronuclei. That some divide 
and others fail to divide is evident in some cases. That reduc- 
tion in number is due to fusion or coalescence is not supported by 
evidence of any kind. I should interpret the variation in num- 
ber, therefore, as due to absorption and irregular division, but 
not to fusion. 
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In the vegetative stages the micronuclei are v(*ry minute 
(1.6 ju in diameter) and homogeneous in structure. They arc 
varioiisly distributed in the cell, a typical distribution being 
shown in figure 1. They lie, as a rule, close to the macronuclei, 
but are never embedded in the latter. They undergo mitosis 



Figs. 19, 20, and 21 Cell division completed; four macronuclei present ffig.. 
19) which divide to form eight after daughter cells separate, d'hc six inicronu- 
clei are reduced to four. X 800. 

which must be a slow process, for mitotic figures persist from 
the beginning of segregation of the macronuclci until the ellip- 
soidal nucleus is fonned and ready to divide. Actual division 
of all such mitotic nuclei docs not occur, for there is no increase 
in number at this period. 

On the contrary, the number actually decreases until, when 
the macronucleus is ready to divide,, there arc only two micro* 
nuclei, and these are in mitosis (figs. 4 to 10). This decrease is 
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due, probably, to absorption, for pale micronuclei are frequently 
found in addition to the densely staining mitotic nuclei. At any 
rate, when the macronucleus is ready for* division, as in the later 
coalescence phases, there are only two micronuclei. Their divi- 
sion is completed prior to division of the macronucleus, the^four 
daughter nuclei always forming a characteristic linear group on the 
side of the macronucleus (fig. 11). These daughter nuclei pass 
directly from the telophase of the first division to the metaphase 
of the second, as indicated by the absence of resting nuclei dur- 
ing these stages. The second division may result in eight nuclei 
(figs, 14 and 15), or one of the four may disappear while the 
remaining three divide, thus giving rise to six micronuclei (fig. 
12). If eight are fonned, two of them disappear and six are 
left; finally these six divide for the third time, forming twelve 
inicronuclei, and the cell, now ready for division, contains twm 
sets of six, one set passing to each daughter individual (figs. 
16 to 18). In some young daughter cells there are only four 
micronuclei (figs. 17, 19, and 21); in others there are six (figs. 
16 and 18), and in others there are only five. These variations 
are probably duo to the earlier or later disappearance of the mi- 
cronuclei. The normal number would be eight had none dis- 
appeared, this number agreeing with the number of macronuclei. 
In the majority of hypotrichous ciliates the typical arrangement 
is one micronuclcus for each macronucleus, but here the charac- 
teristic pairing is lost. The disappearance may be due to ab- 
sorption of the nuclei in the cytoplasm, abundant evidence for 
which is given by the frequent presence of faintly staining nuclei. 

While the number is thus variable, the great majority of the 
individuals studied have only four micronuclei (figs. 1 and 21). 

The formation of the mitotic spindles is the same throughout. 
The nucleus first swells in size, losing its characteristic homoge- 
neous structure, and becomes .vesicular. The chromatin is, at 
first, in the form of eight (?) granular masses which may become 
four double smooth, and homogeneous rods stretching from pole 
to pole, or combinations of double and single rods may occur 
Whether these rods are divided transversely or longitudinally 
cannot be detennined owing to their minute size and densely 
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packed condition. WTiichever method occurs, the.y arc con- 
tinued as rods in the daughter nuclei where they undergo sub- 
sequent divisions until the definite nuclei are formed (figs. 10 
to 17). The fully formed spindle measures 3 m in length (figs. 
22 and 23). 



Fig. 22' Micronucleus in raetaphase of vegetative mitosis. Seven cljromo- 
somes could be counted, probably eight arc present. X 3:00. 

Fig. 23 Telophase of vegetative mitosis. X 3200. 

Figs. 24, 25 and 26 Conjugating .specimens with p.amchute stage oi tirst 
• maturation nuclei, On6 to three degenerating rnicronuclei, Macronuclei hnely 

granular. X 800. 

^ • , 

TEE JOORNAIi OP BXPIRIMBNTAL ZOOLOGY, VOL, 27 , Nni. 3 
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in. THE NUCLEI IN CONJUGATION 

uonjugaiion between closely related individuals of Uroleptus 
mobilis is a periodic phenomenon occurring at certain stages in 
the life cycle. Up to the present it has never taken place in the 
isolation culture dishes, but in the ‘stock^ dishes epidemics at 
certain periods are inevitable. The conditions under which such 
epidemics occur will be considered in a subsequent paper on the 
life history of the organism. 

Epidemics of conjugation are invariably preceded by a char- 
acteristic massing or agglomeration of individuals. These 
masses vary in size from one-eighth to one-quarter of an inch in 
diameter and include thousands of indiyiduals so closely packed 
together that is it impossible to sec through the mass. It is a 
favorable opportunity for securing material for fixation in bulk 
of the preconjugation and early conjugation stages. 

If such a mass of agglomerated individuals is transferred to 
another Syracuse dish containing fresh medium, an epidemic of 
conjugation will invariably follow, and material in different 
stages may be obtained during the following three days, as the 
time of conjugation varies f^'om twenty-eight to thirty-six hours. 

The organisms unite and fuse at the anterior ends. The ex- 
treme tips of the peristomes are the first to unite, and' fantastic 
shapes of the pair, due to independent movements of the two indi- 
viduals', are characteristic of this early stage. Later, the organ- 
isms settle into place and fusion of the peristomial grooves fol- 
lows, until from two-thirds to three-quarters of the peristomial 
areas are securely united. The mouth regions are never fused. 
With this union the possibility of independent movements is 
limited and a characteristic V-form of the pair results. This 
and its variations are shown in figures 24 to 26. The various 
stages of maturation and interchange of nuclei are synchronous 
in the individuals of a pair. 

A, The macromdei during conjugation 

The eight macronuclei retain their individuality throughout 
the entire process of conjugation and finally disappear on the 
fourth or fifth day after separation. While eight is the typical 
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number, a considerable percentage of individuals have from ton 
to twelve or even fourteen maeronuelei during the earh' stagt^s. 
I have not seen one with less than eight. 

The first change undergone by these nuclei, as in pr(^paration 
for division, is the loss of the nuclear cleft, and it is in this phase 
that the increase in number occurs, if at all. The finer .structure 
at this time is finely granular and homogeneous (figs. 24 to 27). 

As conjugation progresses a few scattered, larger grauuh^s 
appear in each nucleus. These increase in numbta- and in size 
until, at the period of nuclear interchange, the granules are from 
1 M to 2 in diameter (figs, 68 and 69). The membranes are 
apparently lost, and what were homogeneous finely granular nu- 
clei are now mere masses of large irregular chromatin bodies. 
The fixing fluids evidently have something to do with the ap- 
parent disappearance of the membranes, for tln^y are aj)])areut 
in all stages of conjugaiits fixed with Flemming, while the gran- 
ules are always smaller than in material fixed with sublimate 
acetic. The nuclei are in this condition of granular disintegra- 
tion at the time of separation of the conjugating individuals, and 
remain so for an hour or moie after separation (figs. 76 and 80). 
This stage, however, is soon replaced by a highly characteristic 
phase. The masses of large granules again fuse, fonning eight 
homogeneous, non-granular, and smooth spherical nuclei with an 
intense staining capacity. These slowly fade away in the cyto- 
plasm, first one, then another disajipearhig, so that ex-conjugants 
with 8, 7, 6, 5, 4, 3, 2, and .1 degenerating macronuclei are fi)Lirid 
(figs. 86 to 90). Occasionally a mass of fine granules marks the 
spot where a nucleus has disappeared, but usually it vanishes 
without leaving a trace. The first evidence of degeneration is 
loss of staining capacity; six or seven of the nuclei may stain in- 
tensely while the others appear pale and ghosf-liko. Or four or 
five w’ill stain deeply and there will be no trace of the others. 
Finally, at 96 hours after separation the old maeronuelei are 
entirely absorbed in the cytoplasm and the new macronuclcus 
begins to divide and to fomi the eight characteristic nuclei of 
the vegetative phases. 
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The new macronucleus is fonned as a* product of the second 
division of *one nucleus resulting from the first divisioi\ of the 
f( rtilizatioh nucleus. This always occurs prior to separation of 
the two conjugants. The division starts in an equipolar mitotic 
nucleus, but in the telophase there is a marked difference in the 
two poles (figs. 83 to 85) . One nucleus, which is ultimately 
absorbed, becomes a small, dense, homogeneous body of the typical 
micronucleus form 2 in diameter; the other nucleus, 5 m in diam- 
eter, becomes vesicular with chromatin granules distributed abput 
the periphery and with a linin network filling the interior (fig. 85). 
Granules of chromatin appear on the reticulum at a later state 
and the^ peripheral granules disappear. These internal granules 
ha^ve only a weak staining capacity, so that the young macro- 
nucleus at this period appears as a pale spherical body in striking 
contrast to the intensely stained chromatin of the old macro- 
nuclei and the new micronucleus. This is the condition of the 
new macronucleiis at the period of separation of the conjugants, 
and its further history will be followed in connection with the 
changes which the ex-conjugants undergo (section IV)# 

B. History of the micronuclei 

The variations in the number of micronuclei in vegetative 
stages make it difficult to determine the normal number that 
are active during conjugation. Careful study of more than 500 
pairs convinces me that the number is inconstant^ even during 
the iniportant maturation stages. In order to determine if "there 
is a constant difference in nuclei in the two individuals of a pair^ 
and in* the early stages of conjugation, I made a careful count 

Fig. 27 Conjugating specimens each with two parachute jiuclei and three 
degenerating micronuclei. * X 800. 

Figs. 28 to 4i Stages in the transformation of the parachute nucleus and for- 
mation of the first maturation spindle. X,3200. Figures 28 to 34 show the centro- 
some.s and connecting fibers, the homogeneous nucleus and its metamorphosis 
into, first, a chromatin network, and second, free granules of chromatin. Figures 
35 to 39 represent the first type of maturation spindle with 24± chromosomes; 
Figures 38 to 39 telophase of same. Figure 40, second type ofjfirst maturation 
spindle with eight chromosomes; Figures 41 and 42, 43 and 3, anaphase and 
telophase of same. 
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of the micronuolei in thirty-one pairs. This comparison was 
suggested by the possibility of sexual differences in the tWo indi- 
viduals forming a pair. The results arc tabulated in the accom- 
panying table; 


PAins j 

IMDIVint’ALS 

PAIRS 

INDIVIDUALS 

PAIRS 

■ IS'DIVIDCALS 


A 

B 

A 

^ B 

' A 

B 

1 

1 

0 

4 

11 

5 

4 

21 

5 

4 

16 pairs, 5 and 4 

2 

4 

4 

12 

' 4 

4 

22 

0 

5 

7 pairs, 4 and 4 

3 

4 

4 

13 

5 

4 

23 

6 

! 5 

3 pairs, 6 and 5 

4 

5 

4 

u : 

5 

! 4 

24 

! 5 

4 

2 pairs, 5 and 5 

5 

5 

4 

lo 1 

5 

4 

25 

0 

5 

2 pairs, 6 and 4 

f> 

6 

5 

16 

4 

4 

26 

4 

3 

1 pair, 4 and 3 

7 

5 

4 

17 

■ 0 

4 

27 

5 

5 


8 

0 

4 

18 

^ 1 

4 

28 

5 

4 


9 

5 

4 

19 

4 

4 

29 

6 

4 


10 

4 

4 

20 

5 

4 

30 

5 

4 








31 

5 

4 



It is evident that no constant relation exists between the con- 
jugating individuals and the number of micronuclei present at 
the beginning of conjugation. The predominating number is 
four and the predominating combination is five and four. In 
all cases one or more is degenerating. In later stages the differ- 
ences are greater owing to the numbers of degenerating micro- 
nuclei resulting from the maturation mitoses. * 

Not all of the nuclei present at the beginning of conjugation 
take part in the maturation divisions. The largest number of 
first maturation spindles seen in any individual is Tour (fig. 47). 
and in this case all of the micronuclei participated; but in its 
mate, only three of five nuclei formed spindles. The fate of 
these unused nuclei is only conjectural, but they probably de- 
g nerate. Nor is there any morphological peculiarity to distin- 
guish those nuclei which will form spindles from those w^hich will 
not. It appears to be a matter of position, for the spindles are 
usually found in the anterior and central parts of the organism 
while the inactive nuclei are usually in the posterior*ends. 

The maturation divisions follow the usual sequence in ciliates, 
viz., first maturation, second maturation, and^hird, or pronuclei 
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forming, division. Three to four micronuclei take part in the 
first; two (very rarely three) nuclei take part in the sec<uul: and 
three or four take part in the third division. Thus of the eight 
possible products of the first division five or six degenerate. Of 
the^four to six products of the second, two to five deg(aierate; 
and of the six or eight possible products of the third division, all 
but one pair degenerate, and this pair fonns the wandering and 
the stationary pronuclei. 

a, the first ntaiuratmi mitosis. The formation of the first 
maturation spindle starts with the swelling of the homogeneous 
nucleus and the projection of one pole of the nuclear membrane. 
This projection contains one or more granulcvS of intensely stain- 
ing material which apparently corresponds with the intranuclear 
division center of a typical flagellate nucleus of the ceutronucleus 
type. As in the latter, a deeply staining fiber connects the pro- 
jected granule with the nuclear mass (figs. 28 to 34). The pro- 
jection forms a large vesicular region at. one pole of tlu^ nucleus 
and is traversed by fibers running from the pole to th(i chromatin 
mass and surrounded by the nuclear membrane. At the outset 
of nuclear change the micronucleus is ellipsoidal and measures 
from 2i g to g in its longest diameter. The projection fonns 
on the side, not at the end, and when fully developed the nuclei 
measure from 5 g to 7 g (figs. 28 to 34). The granular mass in 
the projection forms one pole of the mitotic figure, whih^ the fibers 
traversing the projection form the spindle fibers. One entire 
half of the mitotic figure is thus formed before there is any trace 
of the chromosomes or of the other pole of the spindle. 

The ‘chromosomes’ are formed from the disintegrated chroma- 
tin mass of the micronucleus. At first a thick net-work of chroma- 
tin surrounds the denser chromatin mass (fig. 28). Later, dis- 
tinct granules of chromatin appear at nodes on the net-work. 
Both network and granules are fonned at the expense of the 
chromatin mass, which during this metamorphosis continually 
grows smaller (figs. 29 to 31). The entire micronuclear complex 
at this stagefcas a characteristic and striking appearance which 
suggests a parachute when examined with relatively low magni- 
fication (figs. 24, 25, and 26), and I shall refer to this phase here- 
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after as the parachute nucleus. It is analogous in its period of 
fomiation, and in its subsequent stages, to the crescent nucleus 
of Paramecium (caudatum, aurelia, and bursaria). 

The ^chromosomes’ are the chromatin granules formed by seg- 
regation of chromatin of the denser net- work derived from^the 
mass of the micronucleus. A small granule, alone, remains as a 
reminiscence of the original dense micronucleus, and this gran- 
ule forms the second pole of the mitotic figure (fig. 34). 

The second pole of the mitotic spindle ultimately formed starts 
as a projection, again, from the, now granular, chromatin ag- 
gregate. A second vesicular region, traversed by fibers- and sur- 
rounded by the nuclear membrane, is thus formed. The , two 
poles of the spindle, therefore, are not developed simultaneously, 
although formed in the same way by migration of a grAular 
constituent of the original chromatin mass. In the center, mid- 
way between the granule-holding poles, lies the group of chro- 
matin granules which, by further segregation of the chromatin 
substance from the net-work, now lie as independent 'chromo- 
somes’ in and among the spindle fibers (figs. 25 and 36). The 
finished spindles measure from 8 m to 10 m in length and from 2^ /i 
to 4 At in diameter at the widest part. 

The granules of chromatin forming the npclear plate of the 
metaphase stage undoubtedly correspond to the chromosomes 
of mctazoon nuclei. But, of these there are two distinct^ types 
in these first maturation spindles (figs, 47 and 48). In one type, 
owing to their very minute size and to their usually crowded ar- 
fangcment, it is impossible to count them with any degree of 
accuracy. A few favorable specimens (figs. 35, 36, and 37) show 
conclusively, however, that they are more numerous than twenty, 
and my best counts average twenty-four. In this type of mitosis 
the granules apparently pass undivided to the daughter nuclei 
(figs. 38 and 39). ■ ♦ 

In the second type of the first maluration spindle the chromo- 
somes are larger, more compact, and form a definite nuclear plate 
(fig. 40 to 44). Here they are distinctly eight in number and 
eight daughter chromosomes pass lo each pole of the spindle. 
An early anaphase stage is shown in figure 40, from which it might 
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be inferred that division of the chromosomes is transverse. The 
evidence for this, however, is b}^ no means convincinj^ ami tlie 
plane of chromosome division, for the present at least. Ruist remaiji 
an open question. 

In later anaphase stages, these daughter chromosomes become 
drawn out into loose and irregular lines of chromatin granules 
(figs. 41 and 42) and in the telophase stage a definite chromatin 
reticulum is present (figs. 43 and 44). After division, this clin)- 
matin reticulum resolves itself into homogeneous granules of the 
vesicular nucleus characteristic of the prophase of the second 
maturation division. 

The absence of uniformity in these first maturation spindles 
is peciuliar and difficult to interpret. If both types were found 
in t8e same individual we might conclude that the first and more 
indefinite t 5 q)e is characteristic of nuclei destined to* take no 
further part in the maturation processes. Unfortunately, each 
conjugaht contains only one type and, since almost all ex-con- 
jugants continue to live after conjugatif)n (of sixty isolated ex-con- 
jugants all but seven continued to live and to divide), one type 
appears to be as potent as the other. 

Not only is there a difference in the first maturation spindles, 
but there is also a .difference in the prophascs or parachute stagers. 
I have been unable, however, to correlate these different and rela- 
tivelj^rare types of prophase with either of the two types of 
maturation spindles. In the second type of prophasc, the gran- 
ule forming the first pole of the spindle is accompanied by ap- 
proximately one-half of the total chromatin content of the mi- 
cronucleus (figs, 49 to 53). I have not found spindles that can 
be interpreted as arising from these aberrant j)ara(‘hutes, and, 
from the number of micronuclei in individuals containing tliem, 
I regard them as nuclei undergoing degeneration, 

b. The second mahiration division and reduction of chromosomes. 
There are from four to eight products of the first maturation 
division, most of which undergo granular disintegration and dis- 
appear. Two or sometimes three of them take part in the second 
maturation division, but I have not seen any individual with' 
more than three, while the great majority of pairs in this stage 
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of maturation have only two nuclei which complete the division 
process in each individual. 

After the telophase of the first maturation division, the nuclei 
do not reform the dense homogeneous nuclei characteristic of 
the early stages of conjugation. They become more compact, but 
remain vesicular with a strong staining capacity. The chromh- 



Fi^s. 45 and 46 ,T\vo pairs with different type'j of maturation nuclei. 
X 800. 

tin at first is in a rather dense reticulum (figs. 54, a). It then 
collects into eight chromatin aggregates with irregular shapes, 
distributed throughout the nucleus. These aggregates are trans- 
formed into elongate rods or chromosomes (figs. 54, h, c, d). 

The full history of this second maturation spindle is extremely 
difficult to work out. During its division, the number of chrom- 
osomes is reduced from eight to four, as proved by the four 
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chromosomes which appear in the ensuing thial (li\'ision, but, 
notwithstanding an abundance of material obtained in this stage 
of conjugation, I am unable to decide how the chroinosomos actu- 
ally divide. The minute size of the spindles and the close 
packing of the chromosomes are conditions which render direct 
observation uncertain and encourage any tendency which the 



Fig. '47 First maturation spindlos, first tyjie. four in one individual, three in 
the other. X 800. 

observer may have to infer an interpretation along the lines of 
preconceived ideas of what the process should be. I will try 
to avoid the latter pitfall by describing some actual spindles as 
they appear under the highest lens system at my command. 

The most conspicuous and the most frequent stage is illustrated 
in figure 55, a. In this stage the chromosomes arc densely 
stained and appear as rods occupying the two central ([uarters 
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of the spindle. The number of rods is four but each rod is 
double. How these double chromosomes are formed from the 
eight single ones I am unable to decide. Anoth'er, and a less fre- 
quent stage, is illustrated in figure 55, c. Here there are eight 



Fig. 48 First maturlition spindlos, second type, with definite nuclear platen. 
X 800. ♦ 

Fig. 49 Pair in proiihasc stage of first maturatioii division, with degenerating 
parachute nuclei, X 800. ’ 

Figs. 50 to 53 Division of granular mass of chromatin in degeneration of first 
maturation nuclei into two parts, and vesicular swelling of the nuclear membrane. 
X 3:i00. 


distinct chromosomes arranged in groups of four. If the former; 
stage is a metaphase, is the Tatter an anaphase or a prophasei 
stage subsequent to that shown in figure 54, d? In no case found' 
do the chromosomes lie with their long axes at right angles to thej 
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long axis of the spindle, and in no case is there any evidence of 
V’s or Y’s, In some cases the rods appear to run unbroken 
from pole to pol^of the spindle (figs. 55, b). In other cas-s tluTc 
may be more than four distinct chromosomes, sometimi's live or 
six or seven, in the nuclear plate. In still other cases thei’c are 
four definite chromosomes at the poles of tlie anaphase stage 
(fig. 55, d). 

Until I can be convinced of the exact method of chromosome 
division by further study of this phase, 1 Avill not offer an inter- 



55 



Figs. 54 and 55 Prophase, rnetaphase, an.aphaso. .and telophase stages of 
second maturation mitosis where four double chronK).sonies arc reduced to four 
silgle ones. Bouin fixation, iron-hacmatoxylin stain. X li200. 

that the number of chromosomes is reduced from eight to four 
by this second division. The four chromosomes of the anaphase 
stage»(fig. 55, d) lose their identity in the chromatin mass of the 
late telophase (fig. 55, e). The final division of the nuclei is 
rather abrupt, and there is no evidence of long connecting strands 
between the daughter products. 

c. The third division. The products of the second division are 
small granular micronuclei, usually four in number, which arc 
ready for the third division with no extensive intervening resting 
sfage. In some individuals all four of them undergo this third 
division (fig. 57, left) ; in some only three, while in others only 
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two divide (figs. 56 and 60). In all individuals the functional 
pronuclei are only two in number and both come from the same 
one of the four original nuclei. The others disappear by ab- 
sorption, although they may persist until some time after the 
union, of pronuclei. 



Fig. 56 Pair, each with two nuclei in the third maturation division. X 

Fig. 57 Telophase of third division; four pairs of nuclei in one, three pairs in 
the other individual. Macronuclei fragmented. X 800. 

Figs. 58 and .59 Nuclei in metaphase and anaphase of third maturation divi- 
sion. X 3200. 

The early spindles of the third division are smaller (2 ju wide 
and 6 fi long), but are similar in type to those of the second mat- 
uration division (figs. 58 and 59). There are, again, four bars 
of chromatin, or four chromosomes, and four are present in the 
daughter nuclei after division (fig. 59), which is apparently 
transverse. 
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The third division figures are easily distinguished from tliose 
of the first and second divisions by the greatly elongated con- 
necting body between the daughter nuclei. In some eases these 
connecting fibers attain a length of 30 and different stages of 
division are frequently found in the same individual oi- in the 
pair. The nuclear membrane plays the chief role in this con- 



Fig. 60 Late telophafc of third division and formation of jironiiclei (on right) 
X 800. 

Fig. 61 Unusual phase in which eight daughter nuclei of tliethird division and 
two undivided nuclei are present without iironuclei formation. X 8fX). 


necting fiber, the chromatin apparently forming no part of it 
(figs, 62 and 63). As the nuclei separate the walls come together 
until they appear like a single connecting line (fig. 60). The 
chromatin now separates into granules which become di.stributed 
throughout the nuclear vesicle; the membrane closes and the 
oronucleus is formed. 
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This history is not followed by the nuclei which' degenerate; 
With them no vesicle is formed, but the daughter nuclei, if they 
do not degenerate first, form homogeneous massive nuclei which 
gradually lose their staining capacity and ultimately disappear 
by absorption. 



Figs. 62 and 63 Intermediate telophase stages of the third division. X 3200. 
Fig. 64 Stage of interchange. The two migrating proniieleiVith their attrac- 
tion spheres/ are passing one another iiL the anterior fused region. One undi- 
vided third division nucleus is present in each cell. X 800. 


d. The pronudei and the mterchange. There is no difference 
in type, although there may be a slight difference in size without 
significance, perceptible in the two pronuclei formed by this 
third division. The stationary pronucleus is nearly always in 
the central region of the cell where it is left after the third divi- 
sion. The ^jpigrating pronucleus, formed at the other pole of the 
dividing nucleus, is left some 30 ii nearer the anterior end. While 
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there is no internal structural characteristic to distinguish it from 
the stationary pronuclcus, a peculiar external or cytoplasmic 
structure now appears which is decitledly characteristic and 
which is absent from the stationary nucleus. This structure 
consists of a clearly defined hoinogeneous mass of very fine 



Figs. 65. 6C, and 67 Three pfiirs with migrating pronuclci in dilTorcnt |)ositions. 
The attraction sphere precedes the pronuclcus. X SOO. 


granules which replace the ordinary aheolar tnake-up of the 
cytoplasm. It resembles an attraction sphere and behaves as 
such in the later history (figs. 64 to 66 and 71 to 75). 

The wandering pronucleus in each cell, preceded l.)y this homo- 
geneous granular- mass, moves towards the anterior end where cell 
fusion has taken place (figs. 64, 65, 66, 71 to 75). The two pass 
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one another in the posteHor part of the connecting bridge of pro- 
toplasm (fig. 64) and then each continues its migration in the 
foreign cytoplasm (fig. 66) down to the stationary micronucleus 



Figs. 68 and 69 Two pairs with proniiclei clo^e- together. The 'attfaction 
spheres’ have disa])p eared. X 800. 

Fig. 70 Two proniiclei about to fuse. The difference in ske is without sig- ' 
nificance. X 3200. 

(figs. 68 and 69). Here the cytoplasmic guide can no longer 
be made out. The two spherical pronuclei lie close to one an- 
other, then elongate to form tw^o ellipsoidal nuclei (figs. 70, 76, 

77 and 78), and finally fuse. 
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e. The .amphirmclem. The two pronuclei unite in a region of 
the body slightly anterior to the geometrical centner. There is 




Figs. 71 and 72 Enlargements of the wandering prouudei ami ‘atlradi-Hi 
spheres.’ X 1500. 

some evidence that the stationary nucleus ad\ ances to moot the 
migrating nucleus, since the former is formed either hi the cmiter, 
or posterior to the center, of the cell (fijp. 04, 68, 0!) and ib). 



326 


GARY N. CALKINS 


Each is spherical and vesicular (figs. 70 and 77) at first, but both 
elongate and. become spindle-formed before fusion occurs. This 
double spindle becomes the first cleavage spindle in which eight 
large, homogeneous chromosomes are present. In figure 81 the 
chromosomes of one side have divided before those of the other 
side. Its division results in two nuclei of similar size and char- 
acter; one becomes the first micronucleus, the other (after a 



Fig. 73 Relative positions of wandering and Stationary pronuclei and of ‘at- 
traction spheres' about to pass one another. X 1500. 

later division), the first macronucleus of the ex-conjugant (figs. 
82 to 85) . They are both small, and their chromatin is condensed 
into the homogeneous massive type of micronuclei. One is an- 
terior, the other central in position. The former divides to form 
two micronuclci which condense* to form the vegetative micro- 
nuclei, the other forms a spindle (fig. 82), which gives rise to 
two products of dissimilar fate, one becomes swollen and vesicular 
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with its chromatin collected in graiuiles iirrangod about the- 
periphery (figs. 83 to 85)„the other degenerates. The vesicular 
phase of the former is preliminary to the formation of large, 



poorly staining granules which fill the vesicular nucleus (figs. 
86 and 87). As these granules are formed, the peripheral chro- 
matin bodies disappear, their material evidently changing into 
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the larger, pale granules. With thistne^v nuclear complex^ viz.-, 
one ghost-like new macronucleus ('placente’)? one degenerating 
micronucleus, and two functional micronuclei, the conjugating 
indi\'iduals separate (figs. 79, 80, and 86). 



Fig. 7G Pair with pronuclei in each individual about to fu?c. X 800. 
Fig. 77 Initial stage of fusion of the pronuclei. X lo00.‘ , 

Fig. 78 Elongation to spindle form of the fusing pronuclei. X 1500. 


IV. THE EX-COXJUGANT 

Separation of the conjugating individuals begins^ at the pos- 
terior part of the fused regions, progress in separation being 
marked by the increasing length of the free peristomes (figs. 79 
and 80). Finally, a connection ijgmains only at the frontal mar- 
gins, and the two cells pull apart. For a few seconds, only, they 
remain quiet, but within a few minutes their activities are' fully 
restored. 
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Unlike most of the hyjJotKchous ciliatos in eiiltui’e, the great 
majority of Uroleptus Mividuals continue to live after conjuga- 
tion. Of thirty pairs isolated, no less than tifty-tliree cx-conju- 
gants continued to live and to divide. When we consider Bait- 



Figs. 79 and‘80 Early stag(3S in the devclopnKMit of the new macronuelei. X 

800 , 


sell’s (’12) experience with- Stylonychia and my own experience 
with the heterotrieh Blepharisn^, in which 100 per cent of the 
ex-conjugants died, this result is remarkable. Even Parameciuto 
'has a much larger post-conjugation mortality. There is no a 
priori reason why mortality in one genus should be higher t lan 
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Fig, 81 First division raetaphase of the amp hi nucleus ; the chromosomes on 
one side are partly divided. X 3;^00. 

Fig. 82 Anaphase of the second division after fertilization with two sets of 
eight chromosomes, and resting nucleus, the other product of the first division. 
X 3200, 

Figs. 83, 84, and So Late tclophage stages and final separation of the macro- 
nuclcus-forming second division after fertilization. X 3200. 

Figs. 8G to 90 Stages in the development of the new macronucleus, jconcen- 
tration of the fragments of the oldmacronuclci and their ultimate disappearance, 
and stages in the concentration of the two new micronuclei. Figure 86 one hour 
old, the others from 48 hours to 96 hours old, X 800, , 
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that in another, and cktainly no theoretical interpretation of 
the purpose of conjulation, admits a mortality of 100 per cent. 
The explanation of such mortality must bo sought in the environ- 
mental conditions, and particularly in the culture medium used. 
The continued life of LToleptus ex-conjugants indicates a normal 
■condition of environment and a culture medium that satisfies all 
conditions of vitality. 

The living ex-conjugants can be disting:nishod at a glance from 
individuals in any other phase of vitality. They are sliorterthan 
ordinary vegetative forms and larger in diameter. From dividing 
forms, or individuals immediately after division, they arc distin- 
guished by the clear, non-refractile, vesicular niacronuclcus 
which appears, vacuole-like, for two or three days after 
conjugation. 

The young ex-conjugant contains, in addition to the new mac- 
ronucleus and two new micronuclei, the granular remains of the 
eight original macronuclei (fig. 86, one hour old). In some in- 
dividuals, the typical linear arrangement of the original macro- 
nuclei is retained (fig. 86). In others there is some confusion in 
arrangement with a tendency to mass near the center (fig. 87). 
In all cases, such massing eventually occurs preliminary to final 
absorption and always in the posterior half of tlic cell. During 
the first forty-eight hours after separation, cacli of the eight 
macronuclei which had developed increasingly large granules 
during the conjugation stages again forms a compact, spherical, 
homogeneous mass of chromatin which takes an intense nuclear 
stain (fig. 87). These slowly disappear by absorption in the 
protoplasm. First one, then another, loses its staining capacity 
' and fades away leaving no trace. In some cases, liowever, they 
again undergo granular fragmentation before being absorbed in 
the cytoplasm (figs. 88 and 89). Ultimately, four to five days 
after separation, not a trace remains of the old macronuclei. 

In the meantime a new macronucleus is developing. The pale 
ghost-like character of this cell organ is retained for at least 
three days, but it becomes much larger and ellipsoidal in form 
during this period (figs. 89 to 91). Tlie granules within, and 
solidly filling it, now assume a definite spherical form and begin 
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to stain more intensely. Each elongates to form a chromatin rod, 
and these arrange themselves in lines running from end to end of 
the nucleus. This ultimately divides by simple constriction with 
dumb-bell formation; the two daughter nuclei divide again, and 
these once again, until eight new macronuclei replace those that 
were absorbed (figs. 91 to, 95). 



Figs. 91 to 95 S(age.s in the division of luticronuclei and micronucltu leading to 
the formation of the tyihcal nuclear complex of the vegetative forms, 96 to 120 
hours after separation of the conjugants. X 800, 

The micronuclei also divide during this period until from six, 
to eight are formed. Some of these degenerate, leaving the 
typical number four to six, in the young individual (figs. 93 to 
95), 

The formation of the nuclear clefts in the macronuclci.of the 
young individuals involves some processes which strongly sug- 
gest the entrance of supernumerary micronuclei. This will be 
left for further investigation, however, and will be dealt with in a- 
separate paper on the formation and significance of the nuclear 
cleft. 
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V. C'OMi’AUlSOXS 
A. Multiple vndei in ciliutes 

In# many ciliates a multiple niiinl)or of luielei, both niaero- 
nuclei and microniiciei, is the rule. Balbiani ('(iO, ’bl), in' his 
earlier work at least, held that the number of inii'ronuclei is always 
the same as the number of macronuelei, oi’ in l)eaded forms, as 
many as there are segments of the maeronueleus. Af;m])as 
(’83), Gruber (’87), l^iitschli ('SS), and many later ol)serv(a’s, 
disproved this view and demonstrated that, in some (“ases, the 
numbers are the same (as in the majority of Oxvtihdudae) : in 
other cases, e.g., Trachelius ovum, Gondylostoma patens, Stent or, 
etc., the micronuclei outnumber the maeromielei; and in. still 
other cases the macronuelei outnumber the mieronuclei fe.g., 
Uronychia transfuga, Gonostomum pediculifonne, llolosticha 
lacazei, Loxophyllum meleagris, Spirostomum ambiguum, etc.). 
The relative numbers of the tno types of nuclei, fni‘th(a’more, 
may differ in different individuals of tlie same species. This is 
the case in Uroleptus mobilis, where also the num])er of mici'o- 
nuclei.is inferior to the number of macronuelei. < 

a. Fusion of maewnneki during dir i^^ It is ([iiite prol)aj)le‘ 

that the multinucleate condition of macronuelei is only an ad- 
vanced etage in physiological adaptation to the needs of the c(‘ll. 
At one extreme, the more generalized condition, we tind the 
'typical uninucleate cells of the majority of the infusoria. At the 
other extreme are forms like Dileptus gigas, in which t he endo- 
plasm is filled with minute chromatin bodies each of which be- 
l\aves like a granular nucleus. Between these two extremes, lie 
the ciliates with band-form, l)ranched, beaded, or multiple 
macronuelei. The single nucleus of Spathidium spathiila is 
drawn out as a rod; in Euplotes, Aspidisca, Didiiiium, Vorticella, 
etc., the rod becomes horseshoe shape; in many species of Vic- 
toria it becomes much branched; in Stentor, Spirostomum ambi- 
guum, Bursaria, and others the rod becomes more oi’ less con- 
stricted at intervals to form the characteristic beaded nuclei. All 
of these conditions are. modifications of the uninucleate type. 
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The transition to the multinucleate type is by no means abrupt. 
In the genus Stentor, for example, Johnson (’93) shows that in 
S.polymorpha the conneeting strands (commissures) are relatively 
thick and conspicuous, while in S. pyriform is and in S. igneus 
no trace of such commissures could be found. In these two spdbies, 
therefore, the multinucleate condition results from a fragmen- 
tation of the beaded rod form. A similar fragmentation of a 
homogeneous rod results in the formation of ten to fourteen 
nuclei of Uronychia transfuga, but in this case a very delicate 
connecting membrane can be made out. An extreme case, 
again, is the multiple fragmentation observed by Lebedew (’08) 
in Trachelocerca. ' 

Balbiani, Biitschli (’88), Maupas (’83), and others have main- 
tained that, with few exceptions, in all multinucleate forms, the 
separate nuclei, or fragments, are held together by similar com- 
missures and are in effect, therefore, single nuclei. This conclu- 
sion was based in part upon the obvious connecting strands in 
many forms and in part upon the fusion, prior to division, of all 
the parts, or fragments, to form a single homogeneous dividing 
nucleus. The fact of fusion was regarded as proof of the fact of 
•invisible commissures. 

Against this view, which is unquestionably too general, are 
the facts associated with those forms in which the multinucleate 
condition is a result, not of fragmentation, but of consecutive 
nuclear division. In most of the binucleatc Oxytrichidae the two 
nuclei arise by equal division, the division taking place just prior 
to cell division. Here there is, indeed, no fusion, and the effect is 
that of a single nucleus which has divided precociously for the 
following cell division. 

Gruber (’87) showed that a similar fusion of entirely discon- 
nected small nuclei of Holosticha scutellum occurs during prep- 
aration for division, and that these nuclei arise from the repeated 
independent divisions of a single nucleus during and immediately 
subsequent to cell division. Exactly the same phenomenon oc- 
curs in Uroleptus mobilis; the disconnected nuclei, both after 
division and after conjugation, arise by repeated consecutive 
divisions of a single nucleus. 
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It is obviouSj in these cases, that the niultinudeate phase is 
an adaptation from the uninucleate condition, and the conclu- 
sion may be drawn that the independent nuclei, by fusion, return 
to a more primitive and more generalized uninucleate condition 
prioi;to division. 

In some forms, finally, the independent nuclei do not fuse 
again prior to division and each divides independently, the prog- 
eny passing to the daughter cell in which they happen to bo 
(Trachelocerca, Dileptus gigas, Ichthyophthirius, Opalina). 

h. Absence of fusion of micronnclci duriug division. The num- 
ber of micronuclei in Uroleptus mobilis varies between two and 
six. At no time during vegetative life, division, or conjugation is 
the number reduced to one, except for tlie very brief period during 
conjugation, when the functional pronuclci fuse, and before the 
first division of the synkaryon. Even at this time, howc\Tr, 
there are still from three to five degenerating pronuclei in the 
cytoplasm of each individual. During the five days rc(|uircd 
for reorganization of the cell after conjugation, there are two 
micronuclei, and they begin to divide in the same period as the 
new macronucleus. As a result of their division, the fully reor- 
ganized cell has six to seven micronuclei. During the early 
phases of division, viz., during the fusion of the macronu(‘lei, 
these microniiclei are found in full mitosis (figs. 4 to 14), f have 
never seen as many as six in mitosis at one time, Imt have fre- 
quently found individuals with fi\x and four at this period of 
macronuclear concentration. When the macronucknis is ready 
to divide I have found individuals with two and willi four micro- 
nuclei in mitosis (figs. 10 and 11), but never with more. If two 
is the initial number as indicated by ex-conjugants, then it is 
reasonable to infer that the number becomes reduced to two 
before division of the macronucleus. If this is the case, how 
has the reduction taken place? On this point I have no certain 
evidence. 

Balbiani (’60, ’61) at first believed that multiple micronuclei 
are bound together in a common pouch with fine connectives like 
those between multiple macroiiuclei. No later observer has 
confirmed the hypothesis, and Balbiani himself retracted this 
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view in 1881. Gruber (’87) observed a single micronucleus in the 
dividing stage of Stichotricha scutellum and followed it tluough 
two or three divisions, after which he was unable to detect any , 
trace of micronuclei. . He inferred that they become progres- 
sively reduced in size until they could not be identified among 
•the many macronuclei. He also inferred that the conspicuous 
raicronucleus at the time of division is a product of the fusion of 
all the minute nuclei distributed throughout the cell, just as the 
single macronucleus is the fusion product of all the' macronuclei. 
At best this was only an hypothesis. , Other cases of fusion have 
been suspected either .during so-called autogan^ous fertilization 
(Ichthyoptithirius, Neresheim^r, ’08; Buschkiel, ’ll) or during 
-encystriient (Stylonychia, Fermor, ’12). In no case,, except at 
fertilization, ha's the fusion of micronuclei been established. 

Nor in 'TJroleptus mobilis have I any evidence that the reduc- 
tion of micronuclei at division is due to fusion. The two micro- 
nuclei at this period are no larger than the five nuclei at an 
earlier stage (figs. 10 and 11). All that I can say is that some 
micronuclei, after attaining a condition of full ^ mitosi^^ s im ply 
disappear. 

B. Conjugation 

There are approximately 1800 species of ciliated protozoa 
known to science. In 98 per cent of these the conjugation proc- 
esses are entirely unknown, while the facts regarding conjuga- 
tion in the remainder are in many cases onl}^ fragmentary and 
the full history is largely conjectural. In a few instances the 
story is fairly complete and, verified by different observers, has 
come to be regarded as the characteristic history of conjugation 
in all ciliates. How far this is true can only be determined by 
independent study of conjugation in different species and a study 
uninfluenced by pfeconceived notions of what the process should 
be. The widely diverging accounts of the details in forms like 
Paramecium (Hertwig, Maupas, Hamburger, Calkins and Cull),' 
Anoplophrya (Collin), Trachelocerca (Lebedew), Ichthyophthirius 
(Nerescheirner, Buschkiel) show that no uniformity characterizes 
the phenomena and that, until many more data are obtained, 
generalizations have little value. 
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Very few complete studies have been made of conjugation in 
hypotrichs. Apart from, and since, the classical, epoch-making 
work of Maupas, w'ho included the full history of conjugation in 
'the hypotrich Onychodromus grandis and a somewhat less com- 
plete history of Stylonychia pustulata, of Euplotes patella, and 
E. charon, there has been only one work on hypotrichs, that d 
Prowazek on Stylonychia pustulata in 1899. 

As is well known, Maupas (’88)’ described eight (A to H) phases 
common to all types in the process of conjugation. Phase A, the 
initial phase, is characterized by the growth and early changes 
of the micronucleus; the second phase, B, by the first divis on 
of the micronucleus. In moderp terms this phase is called the 
first maturation division or first mciotic division. The third 
phase, C, is the period of the second division, now called the 
second maturation or second meiotic division. The fourth phase, 
D, is the period of the third division resulting in the formation 
of the ptonuclei. The fifth phase, E, is the period of interchange 
and fusion of the pronuclei; the sixth, F, and seventh, G, are 
the stages of the first and second divisions, respectively, of the 
fertilization nucleus or amphinucleus. The last phase, H, finally 
is the period between the second division of the amphinucleus 
and the first fission of the cell after conjugation. The keen 
powers of observation and generalization which Maupas pos- 
sessed are well shown by this recognition of the successive stages 
in conjugation, particularly in connection with the distinction 
between the first and second divisions of the micronucleus, and 
at a time when the significance of these divisions in maturation 
phenomena was quite unknown. Subsequent investigations have 
shown that, with minor variations, these successive phases .hold 
good for the great majority of cases. 

a. The preparaiory stage (phase A) of Uroleplus mohilis. The 
difficulties* in working out the initial stages of conjugation in 
TJroleptus are increased because of the multinucleate condition 
of the conjugating organisms. The number of niicronuclei in 
vegetative stages varies from four to six and the same variable 
numbers appear in the conjugating individuals. Analogous con- 
ditions are found in Paramecium aurelia (Hertwig, Maupas), 
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Onychodromus grandis (Maupas), Stylonychia pustulata ;(Mau~ 
pas, Prowazck, ^99), each having two micronuclei; in Didinium’ 
nasutuin, with two or three (Prandtl, ’06), in Blepharisma undu- 
Ians, with from four to five micronuclei (Calkins, ’12) and in 
Bursaria truncatella with from sixteen to. eighteen micronuclei 
(Prowazek, ’99). 

. Maupas (’88) described an anomalous, additional, or prelim- 
inary division in the case of Euplotes patella and in E. charon, 
where it is found in both conjugants. In other cases where such 
a division occurs (in the peritrichida) it is limited to the^mi- 
crpgamete (Vorticella monilata, V. ncbulifera (Maupas, ’88), 
Carchesiiim polypinum (Maupas, ’88; Popoff, ’08), Ophrydium 
versatile (Kaltenbach, ’15), and Opercularia coarctata (En- 
riques, ’07). 

The prophases of the first maturation spindle in ciliates are fre- 
quently highly characteristic. In Loxophyllum meleagris (Mau- 
pas, ’88), Spirostomuin teres (Maupas, ’88), Euplotes ^patella 
(Maupas, ’88), Colpidium colpoda (Hoyer, ’99), and in Ble- 
pharisma iindulans (Calkins, ’12) however, there appears to be 
no typical prophase stages beyond the swelling of the nucleus, 
fragmentation of the homogeneous chromatin of the micronu- 
cleus and formation of the chromosomes. Hoyer (’99) describes 
a typical spireme in the case of Colpidium colpoda, but this is 
very exceptional in ciliates and needs confirmation. 

In Paramecium (aurelia, bursaria, and caudatum) a very typi- 
cal prophase stage occurs in the form of a crescent, derived from 
the homogeneous micronucleus which first dra^vs out in the form 
of a long cylinder which later forms the characteristic orescent. 
A modification of the crescent occurs in Chilodon uncinatus 
(Maupas, *’88; Enriques, ’08), where the chromatin is drawn out 
in the form of an elongate comma-shaped band. This is still 
further modified in Cryptochilum-nigricans (Maupas, ’88), Vortb 
cella monilata and V. nebulifera (Maupas, ’88), and in Oper- 
cularia coarctata (Enriques, ’07), where a long chromatin rod 
extends, in some cases, the entire length of the cell. 

Still another type of prophase, and a type to which Uroleptus 
belongs, is found in Onychodromus grandis (Maupas, ’88), Bur- 
saria truncatella (Prowazek, ’99), Didinium nasutum (Prandtl, 
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’06), and Anoplophrya braiichiarum (Collin. '09). Here llu' nu- 
clear membrane first swells up to form a niieleiis two or throe 
times the diameter of the original mioromielous, whWv the (‘(mi- 
pact mass of chromatin, placed either centrally or poi-iplu'rally, 
fragments into numerous chromatin granules. !n Troleptus mo- 
bilis there is an intranuclear ceiitrosoiiie which di\iih‘s. ont'-lialf 
passing to the periphery of the nucleus at the polo ojiposiio the 
chromatin mass, while the other half remains in this mass, 'hho 
two halves remain connected by a deeply staining strand (prim- 
ary centrodesmus) throughout the prophase period, ])ut none 
of these structures can be demonstrated in the fully formi'd 
spindle (figs. 28 to 34). The distal centrosomc is the fo(*al point 
of spindle fibers which spread (3ut from it to the fragmonling 
chromatin mass and forms one poh^, of the nhtotif* hgurc'. It was 
a similar stage in Anoplophrya that suggested the tm-m Vand(‘- 
labra’ tg Collin. I have called it the ])arac]iiite iiucl(‘us. 

So far as I am aware, this is the first domonstralion of I he 
centronucleus type of nucleus in eiliates. 

The majority of investigators show signs of emharrassmeiit 
when it comes to the description of tlie formation of th(‘ sc'cond 
pole, or the full spindle, of the first matniation mic](‘us. In the 
transformation of the crescent type, Manpas. Ilertwig, anil Ham- 
burger all agree that the spindle is formed by the sliortiming of 
the' long axis of the crescent and that the ti{)s of the crescent 
forpi the poles, of the spindle. Calkins and Cull, howevm', find 
that the division center or kinoplasinic mass whicli foi-nisthe 
poles of the spindle, migrates from its terminal position in the 
crescent to the center of the convex side. This new position 
becomes the first pole of the spindle. 

In the candelabra or parachute type, the second pole is foriiuMl 
by the outgrowth from the chromatin mass, of a sei'ond jkiIo 
similar to the first, the chromatin granules thus being li'ft in the 
nuclear plate position or center of the spindle figure. Ini, ]-ol(‘ptas 
mobilis this second pole is formed b}^ the migration of tlu' pi'oxi- 
mal centrosome from the chromatin mass while llie (*onii(‘cting 
strand betw’een the two centrosomes beeonios thiniK‘r ami im- 
possible to distinguish, in the later stages, from the spindle fibers. 
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h. First, maturation spindle and the chromosome problem. In 
the conjugation of ciliates with multiple micronuclei the usual 
result of the prophase activities is the formation of one first 
maturation spindle for each of the micronuclei present. In 
Onychodromus grandis each of the two micronuclei forms a 
spindle (Maupas, '88) . The same is true of Stylonychia pustulata 
(Maupas, '88; Prowazek, '99), and Paramecium aurelia (Hert- 
wig, '89). In Didiniuin nasutum (Prandtl, '06), and in Blephar- 
isma undulans (Calkins, T2), if more than two micronuclei are 
present, only two of them form spindles; in Bursaria truncalella, 
on the other hand, all of the sixteen to eighteen micronuclei are 
active at this stage (Prowazek, '99). In Uroleptus mobilis 
there may be two, three, or four of these primary spindles (figs, 
'45 to 47). 

The chief interest of these first maturation nuclei lies in the 
so-called chromosomes, especially in the methods of their for- 
mation and division. Unfortunately, we have but little exact 
knowledge on these points owing to the frequent large numbers 
and small size of the chromatin elements. 

Maupas ('88) made no attempt to enumerate the chromosomes; 
nor did he describe their formation beyond the brief account of 
the fragmentation of the homogeneous chromatin masses of the 
micronuclei. Hertwig ('89) believed that there were eight or 
nine chromosomes in Paramecium aurelia, basing his view not on 
the chromosomes, but on the number of fibers Avhich he could 
distinguish in the connecting strand between the two daughter 
nuclei. Later observers find that the number, in all species of 
Paramecium, is very much greater than this (more than 100 
(Hamburger, Calkins, and Cull) ). 

In some more favorable types than Paramecium the number 
of chromosomes has been made out with some degree of accuracy. 
Prandtl ('06) finds sixteen in Didin ium nasutum, a number which 
I have been ablfe to confirm (unpublished). Prowazek ('99) was 
a little in doubt whether there were twelve or tjiirteen in the nu- 
clei of Kursaria truncatella, but describes six chromosomes in 
Stylonychia pustulata. Stevens (10) describes four chromosomes 
in Boveria subcylindrica, var. concharum, but gives no details as to 



THE NUCLEI OF UROLEPTUS MOBILIS 


Ml 


their formation or reduction; Enriques ^08) finds tlie same num- 
ber in Chilodon uncinatus. Popoff (’08) enumerates sixteen 
chromosomes in Carchesium poljqfinuni in the first maturation 
spindle, and Enriques (’07) finds the s^ne number in Opercularia 
coarctata, while Kaltenbach (’15), somewhat doubtfully, attrib- 
utes twenty chromosomes to Ophrydium versatile, ('oil in 
(’09), finally describes six chromosomal elements in the first 
spindle of Anoplophrya branchiarum. 

Hamburger (’04) is a bit hazy in her descriptit)n of the origin 
of th6 chromosomes in Paramecium bursaria. The late stage of 
the crescent is regarded as a spireme from which the chromosomes 
are formed as short, curved, or V-shaped rods, (’alkins and 
Cull derive the chromosomes of Paramecium caudatum from a 
synezesis stage which precedes the crescent, and from which the 
chromosomes emerge as double rods which are fully divided by 
the time the first spindle is completed. According to this ac- 
count, the metaphase stage occurs during the metamorphosis of 
the crescent into the spindle, so that the latter when foi‘med is 
always in the early anaphase stage. 

The process of chromosome formation in Paramecium caudatum 
may be regarded as a linear fragmentation of the dense chromatin 
of the micronucleus. In the other forms in which the (diromatin 
history has been followed, the process may be interpreted a 
granular fragmentation, and the problem is to construct the 
chromosomes from these granules. Ihe parachute nucleus, 
which is characteristic of most of the ciliates with a small number 
of chromosomes, may be compared with the Paramecium nucleus 
at the time when the division center has migrated from the apex 
of the crescent to the middle of the convex side. 4 he chromatin 
content of such parachute nuclei consists oi separated granules 
of chromatin, of which the number is difficult to count. In 
Uroleptus mobilis when diffusion of the granules has apparently 
reached its limit, I find from twenty-four to twenty-eight such 
granules (figs. 35 to 37). Prandtl’s figures show that there ^ arc 
approximately thirty-two in Didinium nasutum. iMiri{jues { 08) 
and Collin '(’09) describe a similar fragmentation of the comma- 
form chomatin rod of Chilodon uncinatus and of the homogeneous 



342 


GAEY N. CALKINS 


chromatin mass of Anoplpphrya branchiarum, the granules .of 
chromatin collecting in the center of the first maturation spindle. 
In Didinium, Chilodon and Anoplophrya, these granules fuse 
until a definite number of chromosomes result, sixteen in pidin- 
ium, four in Chilodon and six in Anoplophrya. In Uroleptus 
there may be such a fusion of granules to form eight chromosomes 
(fig. 40), or the nuplcus may divide without such fusion, the 
granules being distributed in two equal groups in the daughter 
nuclei (figs. 38 and 39). It is tempting to assume that the former 
mode is typical and that eight chromosomes represent the noriral 
condition of the first maturation spindle. This assumption 
would bring Uroleptus in line with the maturation phenomena 
of higher animals.. But the fact of the matter is that I find just 
as many sjiindles of one type as of the other, and both types 
arc, apparently, equally potent. 

In no ciliate, in which the number of chromosomes can be 
counted, docs this first division result in a reduction to one-half. 
Furthermore, there is much uncertainty as to whether the divi- 
sion of the chromosomes is longitudinal or traifsverse. Prandtl 
(’OG) could not determine which it is in Didinium nasutum; 
Collin (’09) was equally uncertain ; indeed, he seems to have had 
some doubts as to whether these granular elements on the first 
maturation spindle were even to be regarded as chromosomes. 
Enriques (’08), while admitting the difficulties of interpretation, 
i.s* convinced that the chromosomes of Chilodon uncinatus are 
transversely divided. Popoff (’08) did not observe the fact, but 
assumes, apparently from analog}^ with conditions in many meta- 
zoa, that this first division in Carchesiumpolypinum is equational. 

In Paramecium the chromosomes are not granules, but rods 
which are too numerous to count. Bfith this form it should not 
be difficult to determine whether the division of each rod is trans- 
verse or longitudinal. Owing to the early views in regard to the 
origin of the first spindle from the crescent, it was generally 
assumed that division was transverse. Calkins and Cull (’07), 
however, found that the rods are double when formed and that 
the pairs are each separated in this first maturation division. 
Such a longitudinal division would correspond, therefore, with a 
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reducing division if the conditions in ])i’otozoa arc tlic same as in 
metazoa. This, however, cannot bo granted (dThand for the 
second division is also longitudinal, and it vas imiKissildo to toll 
whether the double chromosomes were likewise longitiKlinally* 
divided. 

Waldeyer (’88) defines chromosomes as 'Tlio deeply staining 
bodies into which the chromatic nuclear net-work n^solves itself 
during mitotic cell-dhision” (quotiMi from Wilson, '%). Apart 
from the chromatic nuclear net -work from whicli they origrnato, 
this definition would include the chromosomes of tlio ciliate 
micronucleus. But it would also include the granules of chro- 
matin which elongate and divide in the typical macronucleus 
during division. The number of chromosomes, furthermore, is 
regarded as fixed for the same species, but the number of dividing 
chromatin granules in the macroniicleus is iimm'asurably gri'ater 
than the number of chromosomes of the micronuelcus. It follows 
that either these dividing granules of chromatin arc not all chro- 
mosomes or that^the number of chromosomes is not fixed for the 
same species in all cases. It is obvious that, according to the 
definition, all chromatin bodies which arise from the chromatin 
of the resting nucleus are not chromosomes. The difficulty in 
most cases might be avoided by a striiit interpretation of tlie 
definition which involves ^mitotic’ cell division, although in some 
cases, e.g., Spirochona gemmipara (Hertwig, 77), the macro- 
nucleus divides by mitosis. The suggestion made by Raid that 
the chromosomes retain their individuality throughout life of the 
organism haf> grown to a strong conviction in later years, es- 
pecially throu^ the work of Conklin, Morgan and recently 
Richards. I doubt very much, however, if anyone can be found 
hardy enough to apply this conception to the* chromosomes of 
protozoa. Nevertheless, I believe that we ar(‘ justified in n;- 
garding chromosomes in ciliates as equivalent structures to 
chromosomes of the metazoa. In the pitiphascs of the first 
maturation spindle in ciliates we find pandlel stag(.‘s with those 
of the first maturation division in higher animals. The synezosis 
stage is represented by the chromatic net-work whicii arises from 
the homogeneous chromatin in the parachute type of nucleus 
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(figs. 28 and 29) and the fufion of fannies to form the chromo- 
somes parallels their origin in higher forms. 

c. The second maturation division. In all ciliates in which the 
number of chromosomes has been accurately counted, the reduc- 
tion in number occurs during the second maturation division. 
This was first made out in the case of Didinium nasutum by 
Prandtl (’06), who found that the sixteen chromosomes resulting 
from the first maturation division, were separated into two 
groups of eight each in the second division. This method of 
reduction appears to be characteristic for ciliates and agrees with 
what Goldschmidt (T5) designates the ^first type of reduction’ 
exemplified among metazoa by Zoogonus mirus. 

Prior to Prandtl’ s work there were no conclusive observations 
on reduction in ciliates. Maupas (’88) and Hertwig (’89) made 
no attempt to follow the chromosome history. Prowazek (’99), 
while mentioning twelve to thirteen chromosomes in the first 
maturation division of Rursaria truncatella and six in Stylony- 
chia pustulata, does not give their fate in the second division. 
Subsequent to Prandtl’s work, w^e find a number of well-defined 
cases of chromosome reduction. In Opercularia coarctata En- 
riques (’07) finds a reduction from sixteen chromosomes to 
eight, the process agreeing with that in Didinium. In Chilodon 
uncinatus (Enriques, ’08) the same observer describes the four 
chomosomes resulting from the first maturation division as fusing 
to form two pairs in the telophase stage. In the second divi- 
sion each pair divides, the daughter nuclei receiving two chro- 
mosomes each. A similar fusion of two pairs of chromosomes in 
vegetative mitosis was observed by Stevens (’10) in Boveria 
subcylindrica, but she was unable to trace the history of the 
four chromosomes in the maturation processes. In Carchesium 
polypinum, Popoff (’08) there are, again, sixteen chromosomes 
in the products of the first maturation division, which are sep- 
arated into two groups of eight each by the second division. 
In Arioplophrya branchiarum, Collin (’09) describes six chromo- 
somes in the first maturation spindle, each of which is equally 
iivided. *The second maturation spindles were not identified, 
out this excellent and equally candid observer finds only three 
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chromosomes in the nuclei nnderseing the third division, and 
concludes that the reduction must have taken place during the 
second maturation division. In Uroleptus mobilis, filially, we 
find a process of reduction conforming to these juaK^esses in the 
other ciliates described. The eight chromosomes of the first 
maturation mitosis (or the many granules of chromatin in aber- 
rant types, fig. 40), fuse, after division, to form eight chromosomes 
of the metaphase of the second maturation (li\’ision (figs. 54 
and 55). But these eight chromosomes liccomc jiartially fused 
to form four pairs. This phenomenon is similar to that de- 
scribed by Enriques (’08) as occurring in diilodon uncinatus; 
but in Uroleptus the fusion is not comiilete, the two distinct 
chromosomes of each pair simply lie in close contact (fig. 55, a). 
The early anaphase stages of this second division furnish some 
evidence indicating that the two members of each pair possibly 
slide apart in opposite dii'ections, so that four single chromosomes 
finally collect at each pole (fig. .55). 

The observations on chromosomes and reduction in ciliates may 
be summarized iA tabular form as follows : 


QRNUS, SPRUKS, AND OUDElt 



Anoplophrya branchiarum (llolofrich), 

Boveria subcylindrica (Holotricb) 

Bursaria truncatella (Heterotrich),, . .. 
Carchesium polypiniim (PerLtrich), . . 

Chilodon uncinatus (Hololrich) 

Didinium nasutum (Holotrich) 

Opercularia coarctata (Feritrich) — 

Ophrydium versatile (Feritrich) 

Stylonychia pustulata (Hypo! rich) 

Uroleptus mobilis (Hypo! rich) 


( yllins, ’0!) 

(■) 

si ovens, ’10 

i 4 

Fi’owazek. 

im: 

FopoiT, ’08 

10 

Enriques, 'OS 

10 

Fjnndtl. ’0(i 

16 

Enriques, ’07 

16 

Kaltcnbaeh, ’Ih 


Fro\v:uck, ’(18 

r> 

Calkins, ’10 

8 




s 


4 


As to the number of nuclei participating in the ser'ond matura- 
tion or reducing division, find many variations. In ciliates 
having but one micronucleus in the vegetative stages the numer- 
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ical relations are fairly uil^omi, Iwo spindles' in the second 
maturation division being the rule. There are, however, some 
exceptions. Thus in Paramecium bursaria, according to Ham- 
burger (’04), one of the nuclei formed by the first maturation divi- 
sion degenerates without forming a spindle, so that only one 
nucleus undergoes the second maturation division. A second 
exception is found in Euplotcs patella and in all vorticellidae 
examined up to the present time. Here the micronucleus under- 
goes one preliminary mitosis prior to the first maturation ,divi- 
sion (p. 338), The resulting two nuclei then undergo the first 
maturation division and the four resulting nuclei form eight by 
the second maturation division. In vorticellidae this unusual 
division occurs only in the microgamete. The micronucleus of 
th(^macrogametcs, on the other hand, does not undergo a pre- 
liminary division and the usual history of uninucleate forms is^ 
followed. 

In ciliates with two micronuclei, both undergo the first matu- 
ration division. According to Prowazek (’99), the four resulting 
nuclei in Stylonychia pustiilata divide again, thus forming eight 
products of the second division. According’ to Maupas (’88), 
however, two of these first four nuclei of Stylonychia pustulata, 
and of Gnychodromus grandis as well, degenerate so that only 
two nuclei divide in the second maturation division. 

In ciliates with many micronuclei in the vegetative stage there 
seems to be no general rule as to the number which undergo the 
’ second maturation division, unless, indeed, it be vaxiability. 
Prandtl (’06) found a variable lumber in *Didiniura nasutum; 
Prowazek, (’99) a large number in Bursaria truncatella, and I find 
a variable number in Uroleptus mobilis. The usual number of 
spindles in the second maturation division here is two, although 
three are frequently found, while individuals with one or with four 
have not been seen. 

d. The third dmsion. The third, or pronuclei-forming , divi- 


sion, is a peculiarity apparently almost universal in the Infusoria. 
The spindles are frequently heteropolar (Didinium, Paramecium), 
and the telophase, stage is often char'acterized by long connecting 
strands of nuclear substances (Paramecium Blepharisma, Uro- 
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leptis, etc.). I here is no uniforini^' in regard to the luiinbor of 
nuclei to undergo this third divisioin althougli only one of tlie 
dividing nuclei provides the functional pionuclei. In Anoplo- 
phrya, Paramecium, Chilodon, Colpidiuin, Loiicophrys. (dau- 
coma, Loxophyllum, Spirostoinuin, Bursaria, Jhepharisina, Bo- 
veria, Lionotus, and in the vorticellidae only one spindle is 
formed for this third division. In Oiiychodronnis. St\’lonychia. 
and Euplotes, according to Alaupas (’8S), two spindlei arc pre.s- 
ent-and four pronuclci are formed, two of which d(‘genorate and 
disappear (in Stylonychia, according to Browazck ( Oh), only one 
third division spindle is present) . i:rolcptus moliilis differs tVoni 
the majority of other ciliates in having from two to four nuclei 
undergoing this third division at the same time, and as inan}^ as 
eight products of this division may be present in the cell before 
any two are metamorphosed into pronuclci (fig. 01). 

c. The pronuclei. Prandtl (’00) was the first to note a dilTer- 
ence in size between the wandering and the stationary pronndei 
of Didinium nasutum. Calkins and Cull (’07) noted a similar 
difference in pronuclei of Paramecium caudatum, and were able 
to trace this difference back to a heteropolar third-division s])in- 
dle. Other observers have failed to find any constant differ- 
ences, and this is the case in Uroleptus mobilis, where the size 
relations of the fufly formed pronuclei, as carefully measured in 
ten individuals, are as follows : 


PAIB 

INDIVIDUAL 

WAND E I? I NCI PRONVCLCCS 

KTATIONAHY 

1 

A 

■ 2i X 3 m 

3 ?; 3m 


B 

3 X 3/1 

21 X 21 M 

2 

A 

2.1 X fj 

3 X 3 M 


B 

3 X 3 M 

2} X 3 M 

3 

A 

3 X 3 M 

2’. X 3 M 


B 

3x3m 

21 X 21 M 

4 

A 

i 2^ X M 

21 X 3 M 


B 

1 3 X 3 M 

21 X 3 M 

5‘ 

A 

3i X 31 M 

3 X 3 M 


B 

3 x3m 

4 X 41 M 


Pairs 1 to 4 were fixed in Bouin’s fluid; pair u in siiljliinalc ace(ic. 
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These differences are too uncertain to permit any conclusion 
as to the size relations between wandering and stationary pro- 
nuclei. In some cases the wandering pronucleus is smaller, in 
other cases larger than the stationary pronucleus. 

Apart from size differences, we occasionally find structural 
differences between the wandering and the stationary pronuclei. 
Maupas (’88) w as the first to note the presence of a dense aggre- 
gate of cytoplasmic granules at the forward end of the advancing 
pronucleus of Kuplotes patella, while no such aggregate was seen 
in connection with the stationary pronucleus. Hoyer (’99) ob- 
served ‘astral rays’ about each of the pronuclei of Colpidium 
colpoda, but without distinctive differences; similar radiations, 
more pronounced about the wandering pronucleus, were de- 
scribed by Prandtl for Didinium nasutum. In Uroleptus mobilis 
there are no radiations such as occur in Didinium, but the granu- 
lar aggregate at the forward end of the wandering pronucleus is 
highly characteristic and its presence confirmed in material fixed 
in sublimate acetic, in Flemming’s fluid, in Bouin’s fluid and in 
Schaudinn’s fluid. It appears to be a directive center, possibly 
analogous to the centrosphere of Noctiluca, It cannot be inter- 
preted as a collection of granules due to pressure of an advancing 
solid for the advanced end of the mass curves around the anterior 
end in a definite way (figs. 71 to 75). Witlrthe approach and 
union of the pronuclei this mass disappears. 

/. Fiimn- of the 'pronuclei. The outcome of the interchange of 
pronuclei is the fusion of migrating and stationary pronucleh 
In all ciliates which have been carefully examined, with the ex- 
ception of the vorticellidae, this interchange and fusion is mutual. 
Hoyer (’99), however, holds a different view. He, like Maupas- 
before him, failed to find evidence of the union of pronuclei in 
Colpidium colpoda, and concluded that no fusion occurs, the 
foreign pronucleus in each individual forming the functional 
micronucleus. In the face of the overwhelming evidence in other, 
and probably more favorable ciliates, this peculiar view cannot 
be admitted. In the vorticellidae the microgamete fuses with 
the macrogamete and loses its identity in the protoplasm of the 
larger conjugant. Here one of the 'two prohuclei formed by 
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each conjugant degenerates, and only a single fertilization nu- 
cleus is formed. 

At the time of fusion the pronuclei nnay be cither in tlu' form of 
spherical and vesicular nuclei or drawn out into more or less 
pointed spindle form. We find the former type in Anoplophrya 
branchiarum, Didiniumnasutum, Spirostomum teres, l}Ie])h;uisina 
undulans, and Opcrcularia coarctata, while union of pronucha in 
the spindle form is reported in all species of Paramecium, ( 'hilodon 
uncinatus, Leucophrys patula, Onychodromiis graiulis, Stylony- 
chia pustulata, Vorticella nebulifera, Ophrydium versatile ami 
Lionotus fasciola. In some cases it seems to be iinmateriai 
whether the pronuclei are vesicular or spindle form at tlic time 
of fusion (Loxophyllum meleagris, Carchesium polypinum). 
Uroleptus mobilis appears to be an intermediate type, for Jjere 
the pronuclei approach and meet while in tlie spherical and 
vesicular form, but before the fusion membrane dissolves both 
pronuclei elongate and assume the spindle shape (figs. 77 and 
78). The chromatin, however, is not aggregated into chromo- 
somes at this period, but lies in diffuse granular form exactly as 
in Paramecium caudatum. While the general form is that of a 
nucleus in division, these fusing pronuclei can no more be re- 
garded as mitotic spindles than can the fusing spherictil nuclei; 
in both types we have merely the antecedent phases of mitosis. 

g. Reconstruction of the vegetative nuclei. The first division of 
the fertilization nucleus occurs very quickly fusion and is 
not often seen. In Uroleptus I have found only one spindle 
that can be identified as the first division spindle (fig. 81). In 
this spindle the two sides are not symmetrical, indicating the di- 
vision of chromosomes from one [)ronucleus earlier than in the 
other. The further history of the first two nuclei after conjuga- 
tion differs in different cases, and for some species the accounts 
by different observers do not agree. According to Enri(iues(T8), 
in Chilodon uncinatus one of these first two forms the new macro- 
nucleus and the other the new inicronucleus. This, perhaps, is 
the simplest case on record. In all of the other cases described 
by different observers the macronucleus is not differentiated 
from the micronucleus until at least four nuclei have been formed 
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by a second division of the first two. One or two of these four 
may degenerate; one or two may form macronuclei. Or the four 
may divide again, forming eight nuclei before differentiation be- 
gins. In .^oplophrya branchiarum and in Euplotes patella two 
of the four nuclei degenerate, the other two form one macronu- 
cleus and one micronudeus. In Colpidium colpoda (Hoyer, 
'90), Stylonychia pustulata (Maupas, ^88) and in Lionotus fas- 
ciola (Prowazek, '09), only one of the four degenerates, two be- 
come functional micronuclei, and one becomes the macronucleus. 
In Didinium nasutuin (Prandtl, '06), Paramecium bursaria 
(Hamburger, '04), Glaucoma scintillans (Maupas, '88), Leuco- 
phrys patula (Maupas), Spirostomum teres (Maupas), and in 
Stylonychia pustulata (Maupas), two of the four nuclei become 
macronut lei and two become micronuclei, none of the nuclei 
degenerating. In Blepharisma undulans (Calkins, '12) all four 
of this stage become macronuclei enclosing the micronuclei. 

In another group the first four nuclei divide once again before 
the nuclei are differentiated. Here we find Paramecium qauda- 
tum, Paramecium putrinum, Cryptochilum nigricans, Carchesium 
polypiniim, Vorticclla nobiilifora, and Ophrydium versatile.. In 
the last three mentioned, seven of the eight nuclei form macro- 
nuclei. These fuse to form one in Cryptochilum (Maupas), but 
in the other three forms they remain separated and are distrib- 
uted to the daughter cells by unequal division until ^each cell 
has one (Alaupas, Kaltenbach, Popotf). In Par^ecium cauda- 
tum and in P. putrinum, four of the eight nuclei form macroiiuclei, 
while the fate of the other four is differently interpreted. Mau- 
pas (’88) and Dofiein ('ll) hold that three of these degenerate, 
leaving one functional micronucleus. Calkins and Cull ('07) 
find that all four are functional. 

An exceptional history is showm in the reorganization of Bur- 
saria truncatella. Here no differentiation occurs until sixteen 
nuclei are formed (Prowazek, '99). Two to five of them form 
macronuclei, three or more form mieronuclei, and the remainder 
degenerate. 

In Uroleptus mobilis differentiation of the nuclei occurs with the 
second division of the fertilization nucleus. One of the two nuclei 
formed by the first division divides unequally into a large vesicu- 
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lar nucleus, the beginning of thomaeromielei, and a small nucleus 
which degenerates. The chromosomes are eight in niinib(M‘ in 
the first two divisions of the fertilization mudeus whiu'c tiu\v can 
be counted without much difficulty. After the diffia'cntiatiug 
second division there is a long pause, during which tlu‘ young 
macronucleus undergoes its mctamorpho.ds. During this ]){a'io(l 
which lasts for approximately 72 hours, the two functional mi- 
cronuclei become more compact and smaller, and \^■lK‘n tluy 
finally divide, the spindles are so minute that no sure obs(n’vation 
can be made as to the number of chromosomes contained. In 
mitoses from ordinary vegetative di\dsions, ho\\'e\an‘, the lunnlKU’ 
is eight, the chromosomes frequently lying in four jiairs similar 
to the condition in the second maturation division l:^ut occa- 
sionally one or more pairs are not united so that five, six. or 
seven may be counted. 

k Fate of fM old macronuden^^. All o])s('r\'i‘rs, with the ex- 
ception of Prowazek (TO, diO), are agreed as to the fate of the 
old macronucleus. Prowazek, among I'ccenl workers at 
least, appeal’s to be alone in conclnding that the old macronucleus 
is cast out of the cell as waste material. His conclusion is drawn 
from the premise that nucleins cannot ])C digested and niiist 
therefore be eliminated. As Collin COO) points out, Prowazek 
describes the loss of staining power of tlie old macronucleus frag- 
ments, and to this extent at least admits that tint niu'lei are di- 
gested. As he offers no evidence ot such elimination from direct 
observation of the reorganization processes of Hursana, Stylom 
ychia pustulata, and Lionotiis fasciola, his conclusion may be 
dismissed as highly improbable. ^ ^ 

The majority of observers have traeed the gradual reduction m 
size of the old macronucleus or its fragments until nothing I'o- 
mains. This certainly is its history in Urolcptus nuffiilis. where 
the eight old rnacronuclei become greatly reduced in size and Hum 
fade away, one by one, until ail arc alisorbed in the Odoplasm. 

The following table is a summary of tlic ixnnts made l^y dif- 
ferent observers on different species of ciliates ami is useful for 
purposes of comparison. Irv most cases where two or more ob- 
servers have worked on the same species only the most nn])ortan 
papers are cited. 




, 

-c £ 











«*,ci 


S X X -0 


"S 


li 

s 

-D 

1 1 

J 

-a 

1 


H J 5 « 

f* 2 o s 

2 s 

'b a a c 

C SB « ® 

0 

g 


5 0 

3 i 

g g 

0 

1 ' 


< 


® X X X 

X 



X X 

0 X 

X X 

X 

X 



a 

< < < 

< 

< 


< f-i 

•< 

< < 

< 


l y ^ 


0 









i i 2 i 0 

f, 





4J »- 


» 


w 



z s £ 

Js § 

* 


0 

2 

0 

c 5 

0 P 

a 






Z 

Z 


Z 

z 

z z 

Z 



i / 

«S«22 

5 

> 

•S 1 1 

s 

0 

_s 


c s 
.£ .2 

a 

.2 

vision 

vision 

c 

.2 

'5 

'> 

Q 

O 


c 2 ^ M H 

Q 

5 S 

C 

‘ S 



5 

Q Q 

C 

5 





"0 



rH 

■3 

33 '3 






- Bl W 


Bl 


M M 






j ?: 

Z * 


1 J « 

S-.I 

B. 


sJ 

tn 

C C 





0 

a.® ® 





"E 

a a 




- 






> a; 

X 

XI X 

X 

X 





e 






fe 



K M r 
« S 3 

o 


rt 3 

iJ 

5 ' ' 


C s 

c 

2 £ 

1 









0 0 

0 





jj r 


x; 7r. 

'b 

5 


Z Z 

Z 

z z 


Z 



5> 










i. S 

° L s i; r/. 

w r ^ ^ 0 c 






S tt 

o 

g ^ 

g 


pg ^ ^ 


Q £ 6 


C c 


rj > 

I 

0 c 

0 



ssi 

2 

« 


gj 


2_JJ 


S) 0 


2> 



0 

0 0 0 

C 0 

0 


0 0 

0 

b b 


£ 



J?: 

Z Z Z 

z z 

Z “ 


z z 

Z 

z z 

z 

Z £ 


UOISIATp 










.5 


uonTrjhieiu 


Oi JV. 


c... ^ 


{A* p.. 


CD ^. 

B- 

'■• '5 


puooas i3]JY 




>> 




-< 



a ° 

IIOISIA 

1 



*£ ” 




^ “f" 


X 

r ° 

-ip uotTRjn 

i ^ 

r*. 

Tti O 

>>• 


C^ c^. 

C^* 

7* s 

o 

^• 0 


-;iju[ i?jg lo^jY 




i 




go - 


5 

?: 2 

sisopiu 

o 

■+ r- ;■■ 

ff-- 

s 




+ 

" + 



8AT|B}333A 




3 





“ 

s 


UOISIA 



1 

1" 






fc 


'tp uoiinin 

PI 

M T ) f ■ 

-p 

c., - 


B4 « 

B) 


B1 

c 


-ivtu puaaac; 




,c 






c 











E 


uois 




' « 

3 






ec 

3 


-lAip iiorj 



^ 'k 

^ '1 




M ^ 

" 

3 

K 

-BiniGiu 4SJij 




V 






u 













s 

a 

TIOISIA 






JT 





/? 

-Tp aAijnioSo^^ 


























§ 00 

O 50 

cc 'r 

j: 

s i 

X 

O'- 

c 

^ Q 


Q 

I 

(C * 

i 1 

X 

X - 

X 

X 

X 

X 

2 » . 

ec 

a 

1 

i " 


«? 

£ 

0 

•F ? S’ 

£ c J 

i ^ 

> s 

s t 

11s 

5 ^ C?3 

li 

|i 

i 

■- 2 

I 1 1 

|| 

a ^ 

11 



O 


x a 

^ ^ 

“ 

Z £ 

1 

z £ 

0 

Qx 



<, 



X 



A 


“T 

g .i 

* 

5 

c 

X 

1 rt .| 

- £ 

i S 

C 3 

J * 


1 b; 


e 

1 n 

5 

a 

1 1 


» 

a 

E' 

ti "o 5 

5 S 5 

? 1 

'5 X 


"2 'o 
t '5 

|| 

S3 X 

c 

a ^ 
s S 


< 

« 

z 

^ 1 
’t s 

9 5 

■§4 ® ® 

C ■£ c. c 

xf 

1 s 

n ,2 

5 P.S 


"S. 5 

S 2 

II 

0 

.2 ft 

5 3 
g 1 

c c 

2 2 

S3 3 

3 

1 

£ £ 
2 s 
/ ■** 

.2 8 s 

S 28 



< 

(J- Cj O 

:c Q 

C i: 


X X 


a ^ 


M r 


aaauo | 



Bpiq3u;ojOH 







352 



Absorbed 

Thro-vvn 

out 

Absorbed 

7 b7 7 

1 1 1 i-^-z 

1 1 |l|Sj 

^ < h C < 

i J Jill 

i i i i i 1 

< < < < < \ 

1 

2 2 


\ 

2 2 2 2 2 

2<1 Division 
3d Division 

2d Division 

t: c e 

0 0 0 0 

‘3 'a a .2 

> > ■> .5 

(5 0 c 

^ ^ 1 ^ 

^ ^ ^ ^ 2 ^ 

■ft ■£, “ 

K K !>* 

1 1 1 M ? 

> K X' 

T T 

S S C 

O 0 0 

2 2 2 

« .2 2) 12" 

-C 7 □ -2 

,7 [j J ® 2 • ~ 5 

ifiig‘5 5 si:* 

•b 2 2 'b 

. ^ . 

3 

S 3 3 3 

C u l! k 

03 rt 7 

1 1 ' f- ? 

' ' 3 0 

w C 0 3 

0 0 0 

2 2 2 

'b '’o b b' 


.. .. 

^ y. ^. r. . 

... 7 

.... 7 

1 - - 1 

.... 

- - 


^.+ <M 


i b -> b !o b C. i> 'r, >> 

.. + + 

.. i .. - 

! 7 'V b b '> b - ■> 1 

T + T 

|i 1 

7 J 7. 

^ p i 

- .... I 1 - - - - ” 

V, 1 3 o; 

* 90 -H i ^ 

00 , z £ 

a 2 M ~ 5* 

S. & > S 'i 

1 J 1^ 

! 1 111 

5 1 S 

3 2 7 

i 1 i 
■*^ s 

41 1 

1 i f 

^ w 1 r 

.2 s E "o 

; " £ t ^ ^ 

■ -oiaiajj 

BpiqsuiOri.tH iipV^.)Ii3[Wd 1 


3,>3 



354 


GARY N. CALKINS 


SUMMAKY OF OBSERVATIONS 

1. Subject Uroleptus rnobilis' Engelmann, a ciliate belonging 
to the family O^trichidae^ order Hypotrichida of the Infusoria. 

2. Treatment. Description of species, pp. 293 to 296; tech*: 
nical methods, pp. 297 to 299; history of the nuclei during divi- 
sion, pp. 299 to 307; ^during conjugation, pp, 308 to 332; com- 
parisons with other ciliates, pp. 333 to 353. 

3. Macronuclei 8 in number. In preparation for cell division 
these fuse to form one (pp. 299 to 301). Prior to division of the 
cell this raacronucleus divides twice; after division of the cell 
these four divide once again to form 8 (pp. 301 to 303) . Divisions 
are amitotic. 

4. Micronuclei variable in number from 2 to 6. They do not 
fuse in preparation for cell division but the number is reduced to 
2, probably by absorption (pf). 303 to 305). With cell division 
the 2 nuclei divide. One of the 4 may degenerate or all may 
divide. In latter case 2 degenerate while 6 divide to form 12, 
6 for each daughter cell. Of these 6, one or two may degenerate 
(pp. 306 to 307). Divisions are always mitotic with 8 single 
or partially fused chromosomes. Whether chromosome division 
is transverse or longitudinal could not be determined. 

5. Paedogamous conjugation lasts from 28 to 36 hours. The 
macronuclei arc retained throughout the process, but undergo 
progressive granular disintegration (pp. 308 to 309). They are 
finally absorbed in the protoplasm and have' disappeared on the 
fourth or fifth day after conjugation (pp. 309 to 310). 

6. Four micronuclei is the usual number in conjugants. All, 
or a part of them only, form first maturation spindles. The pro- 
phase stage for these is a characteristic nucleus termed thepara- 
chute nucleus, with an intranuclear division center (p. 313). The 
massed chromatin disperses first as a dense reticulum; chromatin 
collects at the nodes of this reticulum to form granules 24 in 
number. Eight definite chromosomes may be formed by further 
fusion (type 2) or the nuclei may divide without such fusion 
(type 1), 12 granules going to each daughter nucleus (p. 314). 
Whether division is transverse or longitudinal could not be deter- 
mined (p. 315)., 
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7. The second maturation spindles are usually 2 iii number. 
Each contains 8 chromosomes arranged in 4 pairs. l)i\'ision 
separates the members of each pair, resulting in reduction in 
chromosomes from 8 to 4 (p. 316). 

8. All four products of the second division may undergo the 
third division; or one' or two, may degenerate. The functional 
pronuclei are always derived from the division of one of. these 4, 
the remainder degenerate (p. 319). The spindles are character^ 
ized by 4 chromosomes in the metaphase and anaphase stago.s, 
and by long connecting strands in telophase stages (p. 321). 
The pronuclei are not differentiated in size or shape; the wander- 
ing pronucleus is accompanied by a granular ^attraction sphere’ 
of cytoplasmic origin (p. 323). 

9. Fusion of pronuclei begins while in the ^Tsicula^ state; be- 
fore fusion is complete the pronuclei assume a spindle f(n‘m which 
becomes the first division spindle with 8 chromosomes (p. 326). 

10. The first two nuclei divide again; one gives rise to the 
functional micronuclei, the other to one micronucloiis \^'hich de- 
generates and to one which enlarges to form tlu^ new macronu- 
cleus (p. 326). The conjugants separate at this stage. 

11. The new nuclear apparatus is formed by 3 divisions of the 
new macronucleus and two of the micronuclei during tlie first 6 
days subsequent to conjugation and the first division of the cx- 
conjugant occurs on or about the sixth day. 

Columbia University 
May, 1918 
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Hesumido por el autor, W. J, Crozier. 

Sobre el uso del pie en algunos nioluscos. 

El presente trabajo anade un nuevo tipo de locoinoci6n (el 
/^salto” de Xenophora) a los conocidos entre. los gasterbpodos; 
susministra un segundo bue^ ejemplo de progrcsi6n pedia arit- 
mic| (Conus) y agrega tres espccies de Chiton (Ischnochiton, 
Acanthochitcs, Tonica) a la list a de los moluscos conocidos que 
se miieven por medio de ondas pedias retrogradas. Ischnochiton 
se -mueve hacia atras, conservando el caracter retrdgrado de sus 
ondas pedias, con considerable libcrtad y por distancias aprecia- 
bles. Ischnochiton tambien presenta un “galope^’ como el de 
Helix, el cual es independiente de las ondas pedias. 

Translation by Dr. Jos4 F, Xoniclez, 

Columbia University. 
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ON THE USE OF THE FOOT IN SO.ME MOLLUSKS' 

W, J, CROZIER 
Bermuda Biological Station 

ONfi FIGURE 

From time to time I have had the opportunity of observing 
the method of locomotion in some molliisks which appear not to 
have been studied previously from this standpoint; since these 
observations add somewhat to our knowledge of the distribu- 
tion and variety of pedal movements in ’chitons and in gastro- 
pods, they may be briefly recorded. 

Ischnochiton purpurascens Ad., Acanthochites spicuiosus 
ReevOj^ and an undetermined species of Tonicia were found to 
agree with the two chUons whose locomotion has hitherto been 
observed, namely, Acanthochites fascicularis (by Vies, ’07) and 
Chiton tuberculatus (by Parker, ’ll), since they all progress an- 
teriorly by means of monotaxic retrograde pedal waves. They 
add, therefore, to the conclusion (Parker, ’ll) that a certain 
mode of pedal activity may be of general occurence throughout 
single morphologic groups of creeping mollusks. Similarly, a 
small species of Onchidiella I find to mo^'e by means of direct 
monotaxic waves, like Onchidium (Vies, ’07; Parker, ’ll); in 
this Onchidiella the foot is quite small, 1.2 mm. x 3 mm., and 
usually one, but sometimes two, wa\'es are present on the foot 
at one time. Three species of Crepidula which I have observed 

1 Contributions from the Bermuda Biological Station for Besoarch, No. 100. 

* This species or one of its so-callcd ‘varietic.s.’ S{)me of the S'arietie.s re- 
corded in the taxonomic literature of the chitons arc nothing more tliati 'color 
varieties' inducedBy the conditions of food supply, as I know from s( udiosof Chiton 
tuberculatus. The Acanthochites, now for the first time recordeil from tlie Ber- 
muda area, had brownish spinules, not greenish, as is recorded for some varieties 
of A, spiculosus. 
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movo, as l^arker (’ll) has described forC. fornicata; by means of 
direct waves, Fn one of these crepidiilas the use of the whole 
foot as a sucker was \'ery clear, and in fact sometimes during 
creeping the circumference only of the foot was in contact with 
the siibstratlirn fof smooth glass). 

Ischno{‘hiton was of particular interest, as it moved in a pos- 
terior direction with gi’cat freedom. The animal is long and 
narrow flo mm. x 5 mm.), the foot being about 2 mm. broad. 
When disturbed it presses the girdle firmly to the substratum and 
elevates the midregioii of the body, in this way exerting suction 
and th(‘rcby ati furring tightly to the rock or other surface. The 
girdle is in fact the prime dioldfast’ organ in all the chitons, and 
not the foot. During the process of exerting suction the foot of 
Isch nochiton may be more or less clearly removed, in its mid 
portion, from all contact with the supporting surface, and it ex- 
liibits also a t} 7 jc of reaction which is not without special inter- 
est: the foot shows a decided tendency to fold together longitud- 
inally, a deep depression appearing along its middle, giving it a 
‘ditaxic’ appearance. Usually, in creeping, one retrograde pedal 
wave is present on the foot. Ischnochiton does not carry out 
])ivoting movements so readily as do some other chitons, but 
in contrast with them does move posteriorly in a ' spontaneous' 
way for considerable distances, although it does subsequently 
pivot or turn in a circular path if forced to move by continuous 
directive stimulating agencies.^ During posterior locomotion the 
retrograde, character of the pedal wave is retained, as Olmsted 
(T7) found to be true in Chiton tuberculatus. Olmsted forced 
C\ tul)erciilatus to creep posteriorly by attaching the posterior 
end of the foot to a glass plate. Ischiiochiton, however, moves 

^ This tyaic of behavior is of special interest for the analysis of the photolro- 
])isin of (scimochiton. It might be remarked that in the present species without' 
•areful inspection there is some dilficuUy in distinguishing in dorsal view anterior 
nd pOiSterior ends, owing to the indistinct sutures between the valves. Hence 
t would appear that the lack of pronounced external signs of polarity is cor- 
clated with ready locomotion in either anterior or posterior direction. However, 
here is not the slightest reason to suspect that any cthologieal significant is 
nvolved in this correlation, 
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posteriorly, in a straight line, away from a source of light, and 
its backward creeping may therefore he stiulie(Uvilh ease. 

When Isehnochiton is creeping veiitral side uppermost on a 
slip of glass, it sometimes (and almost always if stimulated by 
strong light) releases the anterior jiart of the foot, until finally 
it remains attached only by means of aliout 2 sq. imm of foot 
surface.. Hence it would appear that here, as in Oluton O^irker, 
M4), the foot sucks locally. 

In moving anteriorly away from a strong light, tlu' anti'Hor 
part of the body is sometimes completely freed from the sub- 
stratum, then brought back to it, and then athu'hed at the an- 
terior end of the foot, initiating in this way a ‘giant wave/ 
which, traveling the length of the foot, gives the aiipearance of a 
^gallop/ probably analogous to that of Helix dupetithoutarsi and 
of Aplysia (Parker, HI, H7), since it isaotrograde. ‘nionotaxic,’ and 
involves the body musculature generally, not merely the foot. 
Five or six waves of this character, at a tinup but sometimes 
not quite coincident with the iiorimd pedal w:iv(‘ (which may 
therefore be seen independently), may be' carried out in 
succession. 

In these chitons the essential mechanism of progn^ssion is un- 
doubtedly that outlined by Parker ('ll) and illustrated on a gross 
scale by the movements of A])lysia califoniica (Park(‘r, H7). [ 
have been able to verify this idea for a dilaxic foot, that of 
Turbo. This mollusk also has a retrograde pedal wave whiclq 
like that of Tectarius, is altcnaiate ditaxic, antfuioiiy, but may 
become opposite ditaxic after 11 le first third of the foot has been 
passed over. The foot is divided in the midline by a distinct 
groove. When creeping on a vertical surface in air. it Van I)o 
clearly seen that the anterior region of oiu' si(h‘ of the foot is 
first lifted 3 or 4 mm. from the surface, ext(m<lc(l, and attached 
at the anterior end; then the anterior ])ortion of the opjiosite 
side is moved similarly. This snail is an active cnaqier. 'fhe 
foot measures 17 mm. x 25 mm., and the moveunents on its sur- 
face can easily be followed. In creeping under water the pedal 
waves are minute and frequently opposite ditaxi(‘ over the whole 
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length of the foot. In air,’ however, they are. clearly alternate 
ditaxic at the anterior end, corresponding to Parker’s (’ll) 
analogy with the movements of a ^person in a sack walk/ In 
Trochus, where the pedal waves are ditaxic but direct, Gosse (’65, 
p. 8) long ago gave a somewhat accurate statement of this matter 
and employed the same comparison: ^‘If your own two feet 
were enclosed in one elastic stocking, your own progress, would 
appear very much like that of the Trochus,” showing that he 
had correctly appreciated the essential mechanical features of 
this mode of progression. 

The foot of Conus agassizii is relatively large and bulky. In 
full extension it measures 2 cm. x 4.5 cm., tapering somewhat 
posteriorly, but abruptly truncate at the anterior end. About 1 
cm. from the anterior margin of the foot, in the midline, is lo- 



Fig. 1. Diagrammatic cross-section of the^foot of Conus, showing the way in 
which the foot is embedded in the mud. X §. 


cated the opening of the pedal' gland. The ventral pedal sur- 
face can be pressed out completely in contact with a smooth 
surface, but usually this is not done. As collected, the shell is 
commonly found in a horizontal position partially imbedded in 
the mud, and it seems that the very distinct epipodial ridge has a 
special functional significance for locomotion when the animal 
is thus 'partly buried, although, as just stated, the distinction 
between epipodium and foot proper can be obhterated. The con- 
trol of the foot is in some respects distinctly bilateral. If one 
side of the foot be touched lightly, that side as a whole is con- 
tracted toward the shell aperture. This mode of response (seen 
also in the fact that, if the shell be lightly, pressed upon from 
above, a distinct depression appears along the midline of the 
foot, even though it may not be retracted) is undoubtedly con- 
nected with the fact that the shell aperture is long and narrow, 
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.SO that the foot must be folded together longitudiniilly before 
it may be withdrawn into the shell When ilisturbed suifieiently 
to induce retraction of the foot, the right half of this organ is 
retracted first. ■ 

Withdrawal of the foot is very readily induced by even inotl- 
erate stimulation; this is correlated with the condition that the 
foot is never very firmly attached to a substratum. Only with 
difficulty can a Conus attach the foot to a glass surface firmly 
enough to right itself when the shell aperture has been placed 
dorsally. Nor can the animal usually creep up a smooth surface 
inclined at an angle of more than 60°. The foot is conspicuously 
a burrowing organ, and is in this respect very efficient. At 
extremely low tides, Conus may be found on sandy beaches bur- 
rowing vertically into the sand, the spire being uppermost. 
This is accomplished by means of a clockwise rotation of the whole 
animal, the 'foot doing the work of excavation. 

In spite of the fact tjiat. the foot of Conus is large enough to 
make observation an easy matter,^' and of the further fact that 
the positive phototropism of the animal may be useil toindiu^e 
it to creep with some rapidity (1.3 cm. per minute at 19°), neither 
when the animal is creeping in air nor when submerged in sea- 
water have I been able tc^ distinguish wave motions upon the 
pedal surface. In. view of the powerful musculature of the foot 
and of its bilateral control in retraction, such movements might 
have been expected. Locomotion is, however, accomplished by 
a smooth gliding movement. No cilia can be demonstrated upon 
the foot, although there is abundant mucus, through which ad- 
hesion is mainly effected. Distinct variations in the rate of 
movement on the foot can, however, be detected along the an- 
terior edge and at the sides. The foot is marked by longitudi- 
nally disposed pigment flecks, which would make the detection of 
rhythmic waves relatively easy. There seems no doubt, then, 
that Conus affords a second instance of that type of pedal locomo- 
tion which Parker (^11, p. 158) characterized as arythmic, with 


‘ It was necessary, of course, to study the loconiotion by means of observations 
from beneath, the animals being in a broad glass dish. 
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Alectrion fllyanassa) as example. Alectrion inhabits bottoms- , 
of soft mud, \'ery much like those frequented by Conus so far 
as the f)hysical consistency of the substratum is concerned; but 
on the other hand, C'onus‘ and Turbo (vide ante) are taken in 
company on the same bottom, yet have quite different methods 
of profjjression ; hence little significance can perhaps be attached to 
this correlation; Turbo however, does not burrow as Conus does. 

The genus Xenophora comprises snails which exhibit the inter- • 
esting habit of reinforcing their shell with the dead shells and 
skeletons of other organisms. To the rough surface thus pro- 
duced, various living mollusks, corals, ascidians, worms, algae, 
and so forth become attached, resulting in a shell mass which 
weighs in different cases from 150 to nearly 300 grams. The 
foot itself is relatively small, measuring, when spread out for 
attachment, about 2 cm. x 2 cm., whereas the circumference of the 
depressed coziical shell-mass may be as much as 12 to 15 cm. 
There is correlated with this disparity between the size of foot 
and the size and ^v'eight of the shell a type of locomotion which is 
somewhat remarkable and finds no place in the present classifica- 
tion (cf. Olmsted, T7) of pedal operations among gastropods. 

Xenophoras of apparently two species were obtained upon 
muddy bottoms in 5 to 8 fathoms. ‘The method of locomotion 
must be observed from below, as the animal cannot creep up an 
inclined surface (nor can it right itself after being turned over). 
The foot is, when unattached, of a roughly dumb-bell outline, and 
in life is covered with a thin layer of mud held by a slime secre- 
tion. At its posterior end it carries tlie horny operculum. The 
anterior part of the foot is compact and tough, with a firm an- 
terior margin. When the animal begins to creep, this anterior 
part is the first to be applied to the' substratum. Before the 
foot is so applied, however, the anterior part of the animars 
body is thrust forward or to one side as far as possible. The 
foot is then attached, beginning at its anterior margin and con- 
tinuing with a smoothly Towing^ motion until the whole foot 
is in contact, but there are no perceptible pedal waves. The 
central portion of the foot is then pulled sharply away from the 
substratum, forming a very efficient sucker, since the anterior 
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.and posterior ends and the lateral margins remain firmly attached. 
The body musculature then contracts. pullinj>j the \vhol(‘ shell 
forward into such a position that tlie apcrtinv is imuKHliatcly 
over the foot. A ^step’ of 3 cm. can thus be tak(Mi in about one 
minute. Lsually, when a freshly collected specinuai is us(m 1, five 
or six steps in a more or less continuous scries o(‘cur in succes- 
sion. The direction of progn^ssion is readily altcivd by th(' f)ody’s 
being extended at an angle, previous to the attachment of the 
foot. I did not obtain any evidenc^e of backward st(‘ps. The ac- 
tion of the foot as a sucker is clearly seen when the .‘iiiimal is at 
rest, in which case the foot is not attached to thi^ sub.stra.tum ;it 
all, but its middle third is distinctly arched, as it is in preserved 
specimens. 

This type of locomotion is not exactly comparable witli lliat 
of a measuring wonn, although in a sense tlu'se mo\'ements arc 
not dissimilar. The creeping of Xenophora imdcr normal con- 
ditions is probably rhythmic, but in\'olv(‘s the body musculature 
generally, and is in that sense non-pedal, although the suction of 
the foot is essential to progression. Perhai)s this type of lo(‘o- 
motion is for the present better classed with the ‘gallo])' of Helix 
(Carlson) and of Ischnochiton, altliougli here again there. arc 
distinctive features. * 


SUMMARY 

This paper adds a further type of loc'omotion to those knowm 
among gastropods (the ‘looping' of Xenoi)hora), pr()\ ides, a s(H*on(l 
good example of arythmic pedal [)rogression ({’onus], and adds 
three species of chitons (Ischnochiton, A(‘anthoehites, Toiucia), to 
the list of those known to move by means of retrograde' pi'alal 
waves. Ischnochiton moves posteriorly, preserving th(^ \vi rograelc 
characac ter of its pedal waves, with eonsid(*rabh‘ freedom and for 
appreciable distances. Ischnochiton also exhibits a ‘ga]}o|),’ like 
that of Helix (Carlson), which is independent of the pedal waves. 


Dyer Island, Rennuda 
May 15, 1918 
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Resuinicio por el autor, S. 0, Mast, 

Reversion en la orient aci6n hacia la luz en las formas coloniales 
Volvox globator y Pandorina momm. 

1. Volvox y Pandorina son generalniente positives en la luz 
debil y negatives en la luz intensa, si estan adaptados a la oscuri- 
dad ; pero si estan adaptados a la luz, lo contrario sucede a veces. 
2. Si las colonias adaptadas a la oscuridad se exponen a una ilumi- 
naeibn const ante, al principio se comportan como neutrales, de- 
spues se transfonnan en positivas, mas tarde en negativas y final- 
mente cn positivas otra vez. Cuanto mas intensa es la ilumina- 
cion mas corto es el tiempo necesario para pasar por todos estos 
estados, pero en tales intensidades es necesariamucha mas energia 
para producir los cambios en la orientacion que en una ilumina- 
ci6n menos intensa. 3. Tia reversibn depende en cierto grado de 
la cantidad de energia recibida, pero bajo ciertas condiciones pa- 
rece depender principalmente de la duracibn del cambio de iliimi- 
nacibn. 4. La reversibii no esta regida por la fotosintesis. La 
luz roja y la amarilla, en las cuales la fotosintesis se verifica con 
relativa intensidad, producen pocos efectos sobre la reversibn, 
mientras que en la luz verde y en la azul, en las cuales la fotosin- 
tesis es relativamente debil, son casi tan efectivas como la luz 
blanca. 5. Los rayos que poseen la mayor eficiencia estimulante 
(azul y verde) son los mas potentes en la produc|ibn de la rever- 
sibn. 6. El sentido de la oiientacibn depende del estado fisio- 
Ibgico do; las colonias, asi como de la constitucibii del medio de 
cultivo* Depende tambien de la edad de las colonias. Las 
colonias jbvenes son mas aptas para ser negativas que las de mas 
edad. 7. La reversibn esta probablemente asociada con cam- 
bios en la permeabilidad. 

Translation by Dr. Jos6 P. Nonidez, 

Coluiabisi I'liiversity. 



aothor's abstract of this paper ISSrEO 
BT THE BIBLIOGRAPHIC SERVICE, DECEMBER 9 


REVERSION IN' THE SENSE OF ORIKN'L'ATION TO 
LIGHT IN THE COLONIAL FORMS, \()LVOX 
GLOBATOR AND PANDORINA MORLTM 

S. 0. MAST 

MdrinB Biological Lahoratorij, H (rhAs' Hole, and the Zoological Lalforatoyff of the 
Johan Hopkins Unicersity 

TWO EKiURES 


CONT]<:XTrf 

Introduction ,‘^('^7 

Materials and methods 

Relation between illumimilion and reversion in orieniation dlit) 

Relation between reversion in orientation and the quantity of onorpy lili) 
Relation between reversion in orientation and the time rate of rhaiige in 

illumination 377 

Effect of the age of the colonics on reversion 37H 

Effect of photosynthesis on reversion 370 

Effect of temperature on reversion 382 

Effect of chemicals on reversion 383 

Discussion ; 38.5 

Summary * t . 388 

Literature cited 390 


, IXTRODUCTIOX 

The. literature on reversion in the sense of orientation was 
briefly reviewed in a preceding paper which dealt primarily with 
the effect of chemicals on the sense of orientation to liglit in 
Spondylomorum (Mast, T8). The results presented in that 
paper indicate that reduction in alkalinity, increase in some anes- 
thetics, increase in temperature and decrease in illumination all 
have the same effect on the sense of orientation, causing phr)to- 
negative specimens to become photopositive. They also indi- 
cate that the same change in the sense of orientation may occur 
without any appreciable change in the environment. On the 
basis of these results it was concluded that reversion in the sense 
307 
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of orientation is probably .-due to some specific change or state in 
the physiological processes of the organisms which can be induced 
by any one of the factors mentioned, i.e., alkalis, anesthetic^, 
temperature, or light. 

In this paper we shall deal primarily with the effect of illumi- 
nation on the sense of orientation, but we 'shall also briefly con- 
sider some other factors. 

MATERIALS AND METHODS 

• The specimens used in this investigation were all collected at 
Woods Hole in a fresh-water pond. Volvox appeared early in 
July and continued for nearly a month. It was found pnly at 
the edge of the pond in a few small puddles, but in these it was 
very abundant most of the time. Pandorina appeared early in 
August, shortly after Volvox had disappeared, and it continued 
nearly to the end of the month. It was not found in all parts 
of the pond, but was much more widely distributed than Volvox 
and equally abundant . 

Pandorina thrived much better in the laboratory than yolvox, 
but neither lived more than a week or two. Most of the obser- 
vations were consequently made on specimens within a few days 
after they had been collected. 

The observations were all made in a large basement dark-room 
in which there was remarkably little variation in temperature 
throughout the season and practically none duriiig the time occu- 
pied by any given experiment. The dark-room was so fitted up 
that either natural or artificial light could be used. Aside from 
ordinary electric lamps, there were two gas-filled sterCopticon 
lamps, one 250 and the other 1,000 watt. These two lamps were 
mounted in an adjoining room from which light was admitted 
to the dark-room through a hole in the wall, which could be 
varied in size (fig. 1). Thus a horizontal beam of light of the 
desired size w\as produced. This extended through the dark-room 
parallel with the surface of a series of black tables 7 m. long 
The two lamps could readily be interchanged in position. By 
this means and by varying the distance betweep the organisms 
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and the lamps it was possible to obtain qiiif kly a wide raii<re in 
illuminations. The beam of light, before it entered the dark- 
room, passed through a heat-screen consisting of a Pfoil'er warm- 
ing-stage containing distilled watei'. This sioTen was so .ar- 
ranged that a strearn of water eontimiously flowed through it' so 
as to prevent excessive heating. 'I’lie obscivalions were |)rac- 
tically all made in six rectangular glass a(|iiaria wliich were <lcs- 
ignated observation atiuaria. These miuaria were 2.7 cm. wide, 
2.7 cm. long and about 1 cm. de(']). 'I'liey were const ructi'd from 
pieces of the best-quality microscope slides and Khotinsky 
sealing-wax. 



Fig. 1 Diagram reprenont ing arraiigeiiKait ttf ;i|)[);irahis. u. n'chingular oh- 
servalion aquaria; I ga.s-filled stcrittpf ictin lump; l>. iicnm ttf IIkIiI; tr. \ v;i1I Lo- 
tween dark-room and room containing Imnii; h. hcnt-scrccn t.mlnitiing nititiing 
distilled water or saturated solution of clilorophyl in !)(» ppr emit alcdlntl; /, dcatl 
black table, 7 m. long; ,s, light-serecMis. 

RELATION HETWEF.N ILLUMIXAddON AM) RIAKHSIGN 'X 
OUIKNTATIOX 

Both Volvox W Pandorina are very Hcrisitive to light and they 
orient fairly precisely. Like a considerable number of other 
similar organisms, they have ordiimrily been found to bo posi- 
tive in weak and negative in strong liglit. This has often hm\ 
observed in previous work (Mast, ’07, ’ll, ’IS) and it w;is n‘- 
peatedly observed in the experiinents performed in eoniu^etion 
with this work. The following detailed description of a typical 
series of obseryations clearly illustrates the relation bidwet'n this 
change in the sense of orientation and the intensity of illuininatiom 
On August 8, 4.40 p.m., colonies of Pandorina which had been 
in darkness for nearly four days were exposed in stnjug direct 
sunlight. At first they were very inactive and there was no iridi- 
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cation whatever of ^orientation. But after, approximately one 
minute it could be seen clearly that they were swimming slowly 
from the light. Gradually they became more and more active, 
and as they became more active they became more strongly 
negative, until at 4.50 p.m. they were swimming rapidly and 
fairly directly from the source of light. At'4.55 p.m., they were 
moved 4 m. from the window and placed in diffuse light. Here 
they promptly became strongly positive. They were then re- 
turned to direct sunhght near the window, when they again 
promptly became strongly negative. - These changes in illumi- 
nation were repeated several times and the same results were 
obtained each time. 

It is thus evident that strong illumination tends to make these 
'Organisms negative and that weak illumination tends to make 
them positive. Under certain conditions, however, just the 
opposite holds. In previous work this was observed only once 
(Mast, '07, p. 165). In the observations now under considera- 
tion it was, however, repeatedly observed both in Volvox and 
in Pandorina, and the conditions under . which it occurs have 
been discovered. This is demonstrated by the results obtained 
in the observations described below: 

On July 13, Volvox colonies were collected at 7.30 a.m., in a 
pool fully exposed to direct sunlight. They were taken to the 
laboratory, and put into two finger-bowls. One bowl was put 
into total darkness, the other was exposed in strong diffuse day- 
light. Thus one group of colonies remained light-adapted, 
while the other group became dark-adapted. At 3 p.m., light- 
adapted colonies and dark-adapted colonies were put, respectively, 
into each of six rectangular observation aquaria. These were 
then exposed in the dark-room in light, from the 250-watt lamp, 
one aquarium containing dark- and one containing light-adapted 
colonies side by side in each of the following illuminations, 62,5 
m.c., 250 m.c., and 4,000 m.c. (fig, 1), ^ The dark-adapted colonies 
were strongly positive in all the illunimations and the light- 
adapted were negative in all, but they were clearly more strongly 
negative in the lowest intensity than they were in the highest. 
In 4,000 m.c. they were only slightly negative; in 250 m.c. 
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they were clearly more strongly negati\'o. One of the ii(|iiaria 
was then moved nearer to the lamp into an ilhuniiiation of 1(U)()() 
m.c. The colonies immediately became i)ositivo. altiiough not 
strongly. The dark-adapted colonies were not tested in tliis 
intensity, but judging from results obtained in numerous other 
experiments, one of which is described in detail in tlie piveedim^ 
pages, they probably would ha\T been negati\a\ ^ 

^ These results seem to indicate that long exposure in strong 
light produces changes in Volvox whicli make it negalive in 
weak and positive in strong light. The following results ol)- 
tained in observations on Pandorina support this conclusion. 

August 4 was a bright clear day. At 11.30 a.m., Pamlorina 
was taken in abundance from a small puddk^ at the edge of the 
collecting pond. This puddle had been fully -exposed to dhWt 
sunlight all forenoon. The specimens collected were taken to the 
laboratory and some of them were immediately exposed to dinad 
sunlight in an observation aquarium, surroimdcd by water which 
was changed from time to time so as to prevent excessive rise 
in temperature. They were strongly positive and remained so. 
At 3 p.M. the aquarium was placed on the stage of a microscope 
in direct sunlight, and a beam of direct sunlight, concentrated 
by means of the concave mirror, was thrown up through the 
aquarium. The colonies promptly aggregated in tliis extremely 
intense illumination forming a dense mass. At 5 ]\m. many colo- 
nies were lying on the bottom inactive, but all the rest were 
still fairly strongly positive. Ihese results indicate (tlearly that 
under certain conditions Pandorina cannot be made negative 
by exposure to intense light. The specimens iis(m 1 in this experi- 
ment were unfortunately not tested in weaker light, but judging 
from the results of other observations they proliably would liave 
been negative. For example, at 3 p.m., August II, colonies 
adapted to strong diffuse light wore exjiosed in an illumination 
of 16,000 m.c. They were inacti\^e for a few mouK'iits and 
then became definitely positive. The illumination was then 
considerably reduced. The colonies continued to ]U'oceed toward’ 
the light, but only for a few moment:^, when practically all of 
them turned through 180 degrees and proceeded from the light. 
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This was repeated many times and the same results were per- 
sistently obtained. Thus it is clear that, under certain conditions, 
Pandoriim is definitely positive in ^strong and definitely negative 
in weak light. AVhat are the conditions under which this occurs? 

It v'as repeatedly observed that colonies exposed in strong 
diffuse light, in which they were strongly positive, usually become 
negative in the evening at the approach of twilight. This sug- 
ge.sts that the phenomena may be associated with the night and 
day variations in illumination and that it may be analogous to 
the so-callcd sleep movements in higher plants. The fact, how- 
ever, that it does not occur in dark-adapted colonies and in colo- 
nies which have been exposed to relatively weak light does not 
support this contention. 

The physiological condition in Avhich the colonies are positive 
in strong and negative in weak light is, in all probability, de- 
pendent upon the amount of light energy received in the immedi- 
ate past as the following results indicate. 

At 8 A.M., August 23, dark-adapted specimens in observation 
aquaria were exposed in illuminations of 16,000 m.c., of 4,000 
m.c. and in lower intensities. Twenty minutes later, 8.20 a.m., 
a few of the small colonies in 16,000 m.c. were negative, the 
rest, were all strongly positive. The aquarium was left in this 
illumination in the dark-room and observations were made every 
hour. The temperature remained practically constant through- 
out the day. At 9 and 10 a.m., the reactions were practically 
the same as they had been at 8.20 a.ai. At 11 a.m. practically 
all of the small colonies and a few of the large ones were negative. 
]\Iore and more continued to become negative, until at 3 r.M., 
practically all were negative. At 4 p.m. a few of the colonies 
were scattered, all the rest were negative. From this time on 
gradually more and more became scattered. At 7 p.m. many of 
the colonies were scattered, some were negative and some were 
distinctly positive. At 8 p.m. there were more positive colonies, 
and at 9 p.m., when the experiment was closed, thke was a 
•large positive collection. 

In the aquarium in 4,000 m.c. the colonies were at first all 
positive. An hour later, 9 a.m., a few were negative. From 
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this time on gradually more beeamo negative, until at (5 i» m 
nearly all were nesrati\'e. At <] p.m., ,vl,en the exporinient was 
closed, more of the colonies wore scattered tlian earlier ()ut 
there were no positive colonies. In ti2,o and 2, It) m.f. nwny of 
the colonics became negatii e, Imt some of tlu'm romaincd positiw 
throughout the experiment. In all intensities lower than (i2,."> 
m.c.^ none of the colonies became iiegati\'e at all 
^ This experiment demonstrates that a c(M'tain intensity of 
light isnecessar}^ to induce reversion in the siaisi' of orientation 
from positive to negative, that the time reciuired defiends upon 
the intensity, and that in strong illumination tlie ct)lonies, .after 
having become negative, becoim^ positive again if they aiv (Ex- 
posed long enough. Whether or not they eontinm^ ])osilive in- 
definitely after the last reversion was not aseintained, nor was 
it ascertained in this experiment whether or not they would liave 
been negati\e in Io^\ illumination after Ihov had be^*om(' posit i\'’e 
in high. But in all probability th(‘se eoloim^s would have" 
mained positive in strong and would have biaai n('gativ(' in w(*ak 
illiimination indefinitely, for negativi^ orientation »in weak liglit 
was never observed in dark-adapted coloni(‘s: it was obsm'vi'd 
only after long exposure to iiitensi' light, and continued exposure 
to such light failed to make the colonies negative after tlnw had 
once become positive in this light. 

The changes that occur in the reactions of Pandoriim as indi- 
cated by the results described above may bo visualized by means 
of a graph presented in figure 2. This grafdi indii-ates that 
dark-adapted colonies of Pandorina when fii'st exposi^d to light 
are neutral for a short time, i.e., they do not ori(‘iil (tig. 2, a h), 
that they then become positive, increasing rajiidly to a maximum 
{b-c) then decreasing slowly to a minimum (c d), after which 
they become negative, passing through a maxinimu at r;,an(l that 
they finally become positive again (f g). It is pi'oliably during 
this last period that the colonies are iiositive in strong and nega- 
tive in weak light. 

As previously stated, this reaction is found only in light- 
adapted colonies, never in dark-adapted oik's. Wiiat. ik)w. is 
the difference in different illuminations in the reaction of colonies 
in these two states? 
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Nun]t^iuu& observations were made to ascertain this. In all 
of these obserV^ations dark-adapted colonies were put into one 
rectangular aquarium and light-adapted ones into another. 
These iwA aquaria were then placed side by side at the desired 
distance from the source of light and the reactions of the colo- 
nies compared. Frequently three sets of' such aquaria’ were 
exposed in different illuminations at the same time. 

The results obtained appear to be extremely contradictory. 
Usually the light-adapted colonies were found t« be more strongly 



axis represents time, the vertical axis degree of orientation, above the base line 
positive, below the base line negative. The graph indicates that Pandorina was 
first neutral («-/>) then became positive, increasing to a maximum (b-c) then de- 
creasing to a minimum {c~d), after which it became negative, increasing to a maxi- 
mum (d-e), then decreasing to a minimum {«-/), after which it agaim became 
positive (/-p). After the colonies reach the last stage they are probably in a 
state such that they are positive in strong and negative in weak illumination. 


positive in strong and less strongly positive in weak light than 
the dark-adapted ones, but in many instances precisely the oppo- 
site was found to be true and in some there was no. appreciable 
difference in the reaction. Moreover, in a given intensity, e.g., 
4,000 m.c., the light-adapted were in some instances more strongly 
positive and in others less strongly positive than tte dark- 
adapted colonies. How can these pu^izling results be explained? 

Dark-adapted specimens, as we have seen, ate frequently neu- 
tral when first exposed to light, then they become strongly posi- 
tive and later negative. If they are in the strongly positive 
stage when their reactions are compared with those of light; 
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adapted specimens, they are likely to be more stroiif^ly positive 
than the light-adapted specimens: whereas if they are in the 
negative stage they will be found to be less strongly positive. 
Other contradictory features in these results can 1)0 similarly 
explained. 

The cause of the passage through the \'anous stagi^s mentioned 
above) especially the return to ])ositive orientation after having 
been negative, is not known. It may be associated with what 
is ordinarily caljed acclimatization or adjustment or with some, 
sort of a periodicity. However this may be, reversion is un- 
doubtedly associated with physiological processes or states and 
these processes are dependent both upon time and intensity 
of illumination. This the evidence presented clearly indicates. 
How are these processes related U) the amount of light energy 
received? 

RELATION BETWEEN REVERSION IN ORH'^NTATTON AND T[IE 
QUANTITY OF LIGHT ENERGY 

The relation between reversion and the amount of light energy 
received was ascertained as follows: Colonies of Pandorina 
adapted to darkness or to weak light were put into each of 
seven observation' aquaria. These were then exposed in various 
intensities of light from the 1,000-watt lamp as indiciated in 
table 1. Observations were then made, first at intervals of 
thirty minutes and later at intervals of one lioiir. After each 
observation the position of the colonies in ea(*h a(iuarium was 
recorded. From these records the apprf>ximato time at which 
reversion occurred in each intensity was ascertained, Ihe re- 
sults thus obtained appear in table 1 . 

When first exposed the colonies in all of the afjuaria were 
neutra;^ and relatively inactive. Gradually tiiey became more 
and more active, and as they became more active they began to 
swim toward the side of the aquarium nearest the source of light, 
where in the course of several minutes practically all had col- 
lected in a dense mass. This occurred first in the arjuariurn in 
the highest and last in that in the lowest illumination. Later 



370 


S. 0. MAST 


the colerfies began to scatter, evidently becoming neutral again. 
Thus they remained for some time, then they became negative, 
and finally' collected along the side of the aquarium farthest 
from the source of light as definitely as they had formerly col- 
lected on the opposite side. This again occurred first in the 
highest and last in tlie lowest illumination. 

In all of the ariuaria the smaller colonies invariably became 
negative before the larger ones. Thus there was often found in 

TABr.E 1 


Iklntion IfdiL'cen (im of erp()!>ure., inlc/miy of ilhmination and reurfiion in 
orirrdation 



INT,KNSlTy OP 
l.fOlIT r.M 
METEIl-CA.Vai.E5 

time of D.Ay 
rtKVEHSIO>f 
OCCURRED 

TIME IN HOURS 
REQUIRED TO 
INDCCE 
RBVBHSION 

EXEHOT IN 
MBTER-C.ANDLEa 
HOOH9 

REQUIRED TO 
INDUCE 
REVERSION 

Aiifiiust ‘22. 

wliioii h;i(l ill weak 

lifjht (ktys 

1(5,000.0 
4,(XX),0 
1,000,0 
2r)0 0 
1110 

27,7 

20.4 

3.45 p.M. 

4.45 

5.45 

6.45 

6.45 : 

! 6.15 
! (?) 

5 

6 

7 

8 
? 

80 000 
24,000 

7.000 

2.000 

888 , 
444 
160(?) 

Aujfust 23 Suiiie .specl- 

10,000.0 

3 ; 

7 

112,000 

inons after having i}eon 

4,000.0 

4 ' ! 

i 

32,000 

in tlarkiipss overiiiglit 

1,000.0 

7 j 

! 10 

10,000 


250.0 

S 1 

1 

2,7.50 


IIl.O 

9(?} 

13(?) 

l,443f?) 


27.7 

9 

No reversion 



20,0 

9 

i 

No reversion 

1 



aquaria a A'ery definite positive collection and at the same time 
an equally definite negative collection. Later, however, prac- 
tically all of the colonies becaiiie negative, and the record in the 
table indicates the time when this occurred in each aquarihm. 

The table mentioned contains the results obtained in two ex- 
periments made on two successive days with the same organisms. 
By referring to this table it will be seen at once that reversion 
from positive to negative orientation depends upon the intensity 
of illumination and upon the time of exposure, but that the energy 
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required to induce reversion varies with the intonsitr of the 
illumination and with the condition of the colonies. In one 
experiment it required in all intensities mucli inoiv energy tiian 
it did in the same intensities in the other and in [joth ex[)erinients 
it required much more enerf^y in the than in the hwvv 

intensities. In one ex[)eriment no reversion was ohsiM’ved in illu- 
minations below 250 m.c., and lon^'or exposure jirobahly would 
not have induced it, for at the close of tlie ex])eriineui, 0 p.m., 
the colonies were inactive. In the otlnn’ expiu'inicnt n^version 
was observed, to some extent, in the lowest illumination testial, 
20.4 m.c. The question as to whether oi' not it occurs in all 
intensities that induce positive orientation is consciiuently not 
definitely settled. 

Why it requires more energy to induce reveu’sion from jiositive 
to negative orientation in strong than it does in weak light is 
not clear. It is, however, well known that in laiglenaand \’olvox 
heat and light energy have opposite effects on reversion (Mast, 
Ml, p. 800). The same is true ff)r Pandorina as we shall dem- 
onstrate later. Nowq a certain amount of light which is absorbed 
is doubtless transformed into heat. This ])rol)a))ly occurs in all 
illuminations in the same jiroportion, but in (ln‘ lower illumina- 
tions it occurs so slowdy that radiation nmy liavi' ndatividy a 
much greater effect than in the higher, ('onsiaiuently, the heat 
produced ^vould be more effective in the higher illuminations than 
in the lower, and since lieat tends to niaki'tla' colonies jiositive, 
it would require more light energy to ocercomo its (dlect in the 
higher than in the lower illuminations, Tiu' value of this sug- 
gestion could doubtless be ascertained by studying the effect of 
different regions in the spectrum on riwersion. 

RELATION BETWEEN UEVER8ION IN ORIENTATION AND Till-: TIME 
RATE OF CHANGE IN ILLUMINATION 

In the experiments just discussed, it required to induce rever- 
sion, sufficient time to indicate that it is dependent upon the 
quantity of energy received. Ibider certain ciri'um stances, re- 
version is, however, of such a nature that it appears to i)c asso- 
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ciated with the time-rate of change in illumination rather than 
with the quantity of light. For example, on August 8 colonies 
of Pandorina which had been in darkness four days were exposed 
to direct sunlight at 4.40 p.m. They were inactive for' about 
one rqinute, then they began to swim, slowly at first and gradu- 
ally more and more actively, and in practically every case from 
the light. They were definitely negative. The observation aqua- 
rium was now moved 4 m. from the window. Here th6 colo- 
nies were strongly positive. This change in illumination was 
repeated several times with the same results. The aquarium 
was then exposed in direct sunlight near the window a few centi- 
meters from the diffuse light. The colonies soon began to swim 
rapidly from the light. The microscope was then carefully 
moved into the diffuse light without changing the distance from 
the window. The colonies immediately became strongly positive, 
but after they had proceeded toward the window about 1.5 
c.m., they became neutral, and approximately one minute later 
they Were strongly negative again. The aquarium was now re- 
turned to direct sunlight. The colonies remained negative. 
They were then again moved into diffuse light where they im- 
mediately again became strongly positive, than neutral and later 
negative. This change in illumination wa^ repeated many times 
and the same results were always obtained. 

Now, the reversion from negative to positive orientation ob- 
served in this experiment, after sudden reduction of intensity, 
was in all probability dependent upon the time-rate of change in 
illumination, for without any furthet change the colonies, in the 
course of about one minute, again became negative. This 
seems clearly to indicate that if the reduction had consumed 
suflicient time there would have been no reversion. 

EFFECT OF THE AGE OF THE COLONIES ON REVERSION 

In the preceding section it Avas pointed out that in the experi- 
ments on the relation betAveen the intensity of the illumination 
the smaller colonies of Pandorina invariably became negative 
before the larger ones did. No observations in reference to this 
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were made on Volvox, but it was repeatedly observeii in' various 
cultures of Pandorina, especial’y in those loft uii<*ov(n‘('(i for 
some days, pennitting evaporation. 

Whether or not the younger colonies in darh-adaptod cultures 
exposed to light became active and positive before th(‘ older ones 
was not ascertained. 

EFFECT OF PHOTOSYNTHESIS ON REVERSION IN THE SENSE OF 
ORllCXTATION 

It is well known that acids added to the culture srilution tend 
to make Volvox and similar organisms positive in their reactions 
to light and that under certain conditions low illuminations also 
tend to make them positive, while higli illuminations tend to make 
them negative. In low illuminations there is, owing to limited 
photosynthesis and continued respiration, a teudency toward an 
accumulation of carbon dioxid, result' ng in an increase in acidity, 
while 'n high illumination there is, owing to rapid photosynthesis, 
a tendency toward a reduction in carbon dioxid. Phis seems to 
ndicate that the tendency toward positive orientation n low and 
negative orientation in high illumination may be dejicndent upon - 
photosynthesis. If this is true, then red and yellow light in 
which photosynthesis is relatively strong should l)e more effective 
in producing reversion in the sense of orientation than blue and 
green in which photosynthesis is relatively weak. Numerous 
observations on both Volvox and Pandoriiia adapted to the colors 
mentioned were made as fQjlows: 

Some of the colonies to be tested were put into jars in each 
of four black light-tight boxes containing a larg(^ window maile 
of blue, green, yellow, and red glass, respectively, (dhers wcic 
put into jars in absolute darkness and still others into jars in 
strong diffuse sunlight. After having beim in these conditions 
eight hours or longer specimens were taken from (aich jar and 
put respectively into six observation a(|uaria. dhese aijuaria 
were then placed side by side in the same illnmination in the 
dark-room, others similarly treated were |)laced in other illumina- 
tions. In this way the reactions in different illuminations of the 
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colonies adapted to the various colors could readily and accu- 
rately be compared with each other and with those of the colonies 
adapted to darkness or to strong diffuse light. 

Without going into details regarding the results obtained, it 
may be said that in practically every test the red- or yellow- 
adapted colonies responded essentially like dark-adapted colonies 
and the blue- or green-adapted ones responded essentially like , 
light-adapted colonies. The red- and yellow-adapted colonies 
were usually negative in strong and positive in weak illumination, 
never tlie reverse; while the green- or blue-adapted colonies, like 
ligiit-udapted ones, were frequently positive in strong and 
negati\'e in weak illuminations. 

The colors to which these colonics were adapted were not 
spectroscopically tested and the illumination was not measured. 
The quest iojp conseciuently, arises as to whether or not, under 
the conditions of the experiments, photosynthesis in the red and 
the 3 xdlow was actually greater than in the blue and the green. 
This question was answered as follows: 

A given amount of pond-water taken from a vessel containing 
colonies c{|ually distributed was put into each of six 100-cc. wide- 
mouthed bottles. One of these bottles was now placed in each 
of the four boxes mentioned above, i.e., 'in the red, the yellow, 
the green, and the blue light used in the preceding experiments; 
one was put into darkness and the remaining one into strong 
diffuse light. After having been in these illuminations one or 
more days a given amount of solution was removed from each 
bottle and put into a test-tube. A drop of neutral red was noAv 
added to the solution in each tube. This solution was found to 
be distinctly akaline in every case. Hydrochloric acid w^as then 
added to each tube until all were practically neutral and the 
same in color. The solution in the tube which required the 
greatest amount of hydrochloric acid w'as, of course, the most 
strongly alkaline, and in this solution photosynthesis had been 
most rapid, for carbon dioxid is consumed in the process of pho- 
tosynthesis and the alkalinity is dependent upon the amount of 
carbon dioxid present. 
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There was considerable difference in tlie results obtained in 
the different tests, but taken as a whole they show (*onclusively 
that photosynthesis was most rapid in the diffiue white lijrht anil 
less rapid in the other illuminations in the., following order: 
yellow, red, blue, green, darkness. 

These results, consequently, demonstrate tliat iihotosyntliesis 
was more rapid in the red and the yellow light used in thi‘se 
experiments than in the blue and the green. Ami sinci' llu* lihie 
and the green were more effective in producing ivversion in the 
sense of orientation than the red and tlie yi'llow, it is evid(Mit 
that the effect of light on reversion is not determimnl by photo- 
synthesis unless the photosynthesis which oceunvd during tlie 
exposure to white light in making the tests in jh(‘ dark-room is 
involved. This, however, does not seem probabh* sinc(‘ all of 
the aquaria were exposed to the same illuminations. Alon'ovcr, 
essentially the same results were obtaimHl in observations in 
which the aquaria were exposed to green light prodiuanl by nu'ans 
of passing the beam of light in the dark-room tlirough a satu- 
rated solution of chlorophyl in 95 ])er cent alcohol. Xow, sjnc(‘ 
photosynthesis is reduced to a minimum in given light produced 
in this way and since the reactions of the eolonies in the diffcnait 
aquaria were essentially the same as in white light, it is evidf'iit 
that photosynthesis during exposure in tlu^ d[U’k-room is of no 
practical consequence. The conclusions, theridon*, that rever- 
sion in the sense of orientation is not determined by jihotosynthe- 
sis appears to be valid. 

The region in the spectrum of maximum stimulating eflicicncy 
lies in the green near w'ave-length 524 mm for Pandorina ( Mast, ’17, 
p. 509) and in the blue-green near wave-length 494 mm for Voh’ox 
(Laurens, T8). The results of the experiimmts described al)ove 
indicate that the regions of maximum ofhciency in producing iv- 
version in the sense of orientation in Pandorina and \ olvox ])rob- 
ably have the same location as the regions of maximum stimu- 
lating efficiency. If this is true, it is probable, altliough liy no 
means certain, that the processes involved in stimulation arc 
also involved in reversion. 
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EI^^ECT OF TEMPERATURE ON REVERSION 

III nearly all of the organisms that have been tested increase 
in temperature tends to induce positive and decrease in tempera- 
ture negative orientation to light There are only a few forms 
in which changes in temperature appear to havp the opposite 
effect, but there are a considerable number in w'hich changes in 
temperature have no effect on the sense of orientation (Mast, 
Tl, pp. 272-279). 

The sense of orientation is probably not ■ specifically related 
to the temperature in any of the forms studied. For example, the 
results obtained in observations on Euglena (Mast, Tl, pp, 274- 
277) indicate that this form may be, under certain conditions, 
negative or positive in practically all temperatures in which it 
orients at all. 

The effect of changes in temperature on the sense of orienta- 
tion in Volvox and Pandorina was ascertained as follows: The 
colonies were ’mounted on a Pfeifer wanning-stage under a bin- 
ocular. This stage was so arranged that hot or cold water could 
be passed through it at any rate desired. The whole apparatus 
was then exposed to constant illumination of the derired intensity. 

The results obtained are in harmony wim those obtained in the 
study of Euglena. The reactions of Volvox were, however, only 
superficially studied. Without going into details, it may be said 
that tlie results clearly show that a rise in temperature tends to 
produce poritive, and a fall in temperature negative photic ori- 
entations, and that the sense of orientation is not directly de- 
pendent upon the temperature. For example, in one experiment 
it Avas found that Pandorina continuously exposed in a given 
illumination was, at 10.43 a.m., negative in 16 degrees, neutral in 
17 degrees, and positive in 18 degrees; at 11.19 a.m., the same 
colonies were negative in 13.5 degrees, neutral in 14 degrees, and 
positive in higher temperature, and at 11.28 a.m. they were 
positive in 14 degrees. Thus the point at which they became' 
positive changed from 18- degrees at 10.43 a.m. to 14 degrees 
at 11.28 A.M. 



reversion in orientation to LIOHT :^S3 

EFFECT OF CHEMICALS ON RFA’EKSION 

It IS well known that acids and sonic narcoti(*s tciul to make 
many organisms that orient to light, photopositivc. Salts and 
alkalis, on the other hand, rarely have any elTect on the sense of 
orientation. Ip a recent paper on Spondyloinoruni flS) it was 
fairly clearly demonstrated that tlie effect of the addition of 
acids is due to the reduction in the alkalinity of the culture 
medium and not to the acids as such. The results obtained in 
experiments on \olvox and Pandorina support tliis contention 
and they show that the response of the organism is not specifically 
dependent upon the chemical constitution of tlic surrounding 
medium. 

The effect of acid on the sense of orientation in Volvox and 
Pandorina is in all essentials precisely the same as it is in Spon- 
dylomorum (Mast, 18). If a trace of acid is added to a solution 
containing negative colonics they become strongly positive, re- 
main so a few moments and then become negative again. If 
more acid is now added they again become positive and later 
negative, just as they did after the first addition of acid. Thus 
they c&ntinue to become positive and negative after each addition 
of acid until the solutidi becomes fatal. 

The water in the pond in which the Volvox and the Pandorina 
used in these experiments appeared gave, in every instance, a 
very definite alkaline reaction with neutral red, and when aidd 
was added the sense of orientation was reversed long before the 
alkalinity was neutralized. In fact, sufficient acid to give even 
the slightest acid reaction invariably proved fatal. This seems 
to indicate that reversion in these forms, just as in spondylo- 
momm, is due to a reduction in alkalinity, and not to the effect 
of acid as such. It also indicates that the sense of orientation 
is not directly related with the concentration of the alkalis. 

The amount of reduction in alkalinity required to produce 
reversion varies with the concentration of the solution and the 
physiological state of the organisms. It is usually very small. 
For example) in one experiment titration against HCl showed 
that the water in which the colonies (Pandorina) lived was 0.0019 



3<S4 


S. 0. MAST 


N alkaline. In this solution, under the conditions of the experi- 
ment, the colonics were strongly negative. After the addition of 
sufficient acid to make the colonics positive, the solution was 
O.OOlo N alkaline, and in a few other tests the reduction necessary 
was even less. In some it was, however, considerably more. 
This shows that the condition of the organism isTnvolved in the 
process. 

In Spondylomorum it was found that reduction in alkalinity 
producetl by the addition of distilled water had little, if any, effect 
on the sense of orientation (Mast, T8, p. 512). Similar results 
were obtained in Volvox and Pandorina. Both of these forms 
live for sc\TTal days in chemically pure water and respond nor- 
mally, but only in relatively few tests was there any indication 
whatever of reversion due to the dilution of pond water with 
pure water, and in these tests the effect of the dilution was very 
slight, ^ut that there was actually an effect was shown by the 
fact that in diluted pond water it required considerably less acid 
to induce positi\e reactions than it did in normal pond water. 
For example, in a given test in a solution consisting of one part 
of pond v'ater and nine parts of pure water, it required on^ one- 
third as much acid to induce reversion as ii did in the* pond water. 
The dilution consequently seems to tend to make the colonies 
positive, but not in proportion to the degree of dilution. 

If a reduction in alkalinity produces reversion from negative 
to positive orientation, it' seems reasonable to expect the reverse 
if the alkalinity is increased by means of adding alkalis. This, 
however, does Jiot appear to occur. I re])catedly added sodium 
hydrate to solutions containing positive colonies of Volvox or 
Pandorina, but never obtained any indication of reversion except 
in case the alkali was added immediately after the colonies had 
been made positive by the addition of acids, and in such cases 
there was always some question as to the actual effect of the 
alkali. However, an increase in the concentration of the solu- 
tion due to slow evaporation clearly tends to make the colonies 
negative. These results are in full harmony with those obtained 
on Spondylomorum (Mast,. T8, p. 512). 
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Chloroform has the same effect on reversion that acids have, 
but ether and alcohol have very little, i£ any effect. With 
ether, no clear case of reversion was obtained at all. and with 
alcohol reversion occurred only in colonies that wen* almost 
neutral. The concentration of alcohol necessary to kill these 
colonies, especially Volvox, is \’ery surprising. In e(|ual parts 
of pond water and 96 per cent alcohol they li\'e for several liours. 

The cause of the effect of anesthetics on reversion is not known, 
but It is certainly not dependent upon reduction in alkalinity, 
for the chloroform used was clearly slightly alkaline. This 
question will be discussed in the following section. 

The evidence presented thus far indicates that the sense of 
orientation is dependent upon the constitution of the culture 
medium. This contention is furtiier su]}ported by the fact 
that ordinarily if colonies are negative in one jar and positive 
in another in the same illumination, as often happens, the solu- 
tion in the former is more strongly alkaline than that in the 
latter. This is, however, by no means always true, and in some 
instances in which it was found to be true it was also found that 
the colonies retained their sense of orientation after they were 
interchanged- That is^the colonies which had been positive in 
the weaker solution were now positive in the stronger, and those 
which had been negative in the stronger were now negative in 
the weaker solution. This demonstrates conclusively that the 
state of the colonies may determine the sense of orientation. 

DISCUSSION 

It has been demonstrated in th^preceding pages that (h'cn'ase 
in illumination, decrease in alkalinity, increase in temperature, 
increase in anesthetics, and increase in the age of the co]r)nies 
all tend to make them positive. It has also been demonstrated 
that hght-adapted colonies are, under certain conditions, positive 
in strong and negative in weak light, and that reversion at times 
depends upon the time-rate of change in illumination. It has, 
moreover, been demonstrated that the region in tlu^ spectrum 
of maximum efficiency in producing reversion probably coin- 
cides with that for maximum stimulating efficiency. Reversion 
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in the sense of orientation, consequently, can be mduced by a 
number of different factors, and this seems to indicate, as con- 
cluded jn the preceding paper in this series (18, p, 518) that it 
is due to some specific physiological change which can be pro- 
duced by anyxme of the factors referred to. 

The fact that t^ie region of maximum efficiency for reversion 
probably coincides with that for stimulation indicates that the 
physiological phenomena associated with these two processes 
may be the same. Stimulation, however, is usually if ndt al- 
ways accompanied with an increase in permeability and a de- 
crease in electrical potential. Reversion, then, if our contention 
is correct, should also be accompanied with changes in permea- 
bility and all of the factors which produce positive orientation 
should induce changes in one direction while all those which 
produce negative orientation should induce changes in the oppo- 
site direction. As previously stated, decrease in illumination, 
decrease in alkalinity, increase in anesthetics, increase in tem- 
perature, and increase in age all tend to produce positive orienta- 
tion. What effect have these factors on permeability? 

Krabbe (^96) found in stems of Helianthus annuus that a rise 
in temperature greatly increases permeability, and Rysselberghe 
found the same in experiments on Tradescantia and Spirogyra 
(Trondle, TO, p. 173). He maintains that the permeability for 
water, potassium nitrate, glycerine and urea increases slowly from 
0 to 6 degrees, more rapidly from 6 to 20 degrees, and again more 
slowly from 20 to 30 degrees, and that it is eight times as rapid 
at 30 degrees as it is at zero. This shows clearly that increase 
in temperature produces increase in permeability. We ’have 
demonstrated, as stated above, that increase in temperature 
causes positive photic orientation. Therefore, if reversion is due 
to change in permeability, positive orientation must be associated 
with increase in permeability, and if this is true then all of the 
factors Avhich pro(^uce positive orientation should cause increase 
in permeability. 

The work of Lillie {’09, p. 248) indicates that this is true for 
decrease in alkalinity; Trondle maintains that moderate illutni- 
nation, such as favors positive orientation, causes increase in 
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permeability, and that strong illumination, in which negative ori- 
entation is usually found, causes decrease in peTineability; and 
according to McClendon (’17, p. 141), a considerable mnnber of 
investigators hold that anesthetics in lo^v concentratioif stimu- 
late. The concentrations of anesthetics that produce reviTsion, 
therefore, probably cause increase in permeability* although Os- 
terhout (T3) in his ingenious experiments did not tlis{*over any 
such effect. We thus have considerable evidence in favor of the 
idea#that positive orientation is dependent u])on increase in per- 
meability. However, if this is true, then permeability ought, 
under certain conditions, depend upon the time-rate of changi' 
in illumination; it ought to be greater in old than in young colo- 
nies and it ought, under certain conditions, l)e greater in intense 
than in moderate illumination. Moreover, all conditions which 
cause increase in permeability, e.g,, NaCl, ought to iiroducc^ posi- 
tive orientation, while all those which cause decrease in jiermea- 
bility ought to produce negative orientation, ^^ath these ([ues- 
tions, concerning which there is at present no trustworthy 
evidence, I hope’ to deal in the following paper in tliis series. 

Some investigators maintain that in many of the unicellular and 
colonial forms orientation is due to a series of shock-reactions; 
others maintain that there is no definite relation bet ween sljock- 
reactions and orientation. However this may lie, it is certain 
that Euglena and Gonium and probably all other similar organ- 
isms usually, if not always, respond with tlie shock-reaction to a 
sudden increase in illumination if tliey are negative and to a 
sudden decrease if they arc positive. That is, the same reaction 
may be induced either by a sudden inerease or by a sudden de- 
crease in illumination, depending upon whether the organisms 
are negative or positive. 

If shoc.k-reactions are due to increase in permeability then 
increase in permeability must be due, in negative specimens, to 
increase and, in positive specimens, to decrease in illumination. 
And if orientation is due to shock-reactions, then reversion in 
orientation must be due to the phenomena which produce this 
change in the cause of increase in permeability. In relatively 
high temperature or moderate illumination and in solutions rela- 
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lively weak in alkalinity or relatively strong in narcotics, in all 
of which orientation^ is positive and permeability relatively high, 
a sudden decrease in illumination must produce an increase in 
permeability, and in relatively low temperature or intense light 
and in solutions strong in alkalinity or anesthetics, all of which 
tend to produce Negative orientation and low permeability, a 
sudden increase in illumination must produce increase in permea- 
bility. 

There is at present no evidence which bears on these problems. 
I have stated them in order to emphasize the fact, that whether 
orientation depends upon shock-reactions or not, any theory 
that accounts for reversion in orientation should account for the 
changes in the cause of the shock-reactions which accompany it. 

SUMMARY 

1. The reactions to light in Volvox and P^dorina arc prac- 
tically the same. Both fonns orient fairly precisely and both 
may be either negative or positive. 

2. Dark-adapted colonies are usually positive in weak and 
negative in strong illumination, never the opposite. Light- 
adapted colonies are sometimes positive in strong and negative 
in weak illumination. , 

3. If dark-adapted colonies are exposed to continuous illumi- 
nation they are neutral for a short time, then they become posi- 
tive, passing through a maximum, after which they become 
neutral again, then they become negative, passing through a maxi- 
mum, after which they again become neutral and finally positive 
again. After they have reached this final state they remain posi- 
tive no matter how intense the light may be, and they probably 
are negative in weak light. 

4. The time required to pass through these various stages de- 
pends upon the intensity of the light. The higher the illumina- 
tion, the shorter the time. Reversion is, therefore, dependent 
upon the time of exposure as well as upon the intensity of the 
illumination. But it requires much more energy to induce re- 
version in high that it does in low illumination. 
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5. Under certain conditions, snddon decrease in illumination 
makes negative colonies momentarily positive. This (‘hangi^ in 
the sense of orientation is dependeiit upon the time-rate otchange 
in the intensity of the illumination. 

6. Reversion is not primarily dependent uppn photosyntln^sis. 
Red and yellow light in which photosyntiiesis is relatively strong 
have little effect on reversion, while green and blue, in which 
photosynthesis is relatively weak, are nearly as effect i^'e as white 
light. 

7. The rays of light which have the greatest stimulating 
efficiency (green and blue) are the most potent in producing 
reversion in the sense of orientation. 

8. Increase in temperature cause's ru'gatri'e s])ecimens to be- 
come positive and decrease causes the opjiosite, but neither the 
degree nor the extent of change in the temiierature is'Sja'cific in 
its effect Under certain conditions, tlie colonii's may Ix' nega- 
tive or positive in practically all tem])eratures in which they 
orient at all. 

9. Alkalis have little, if any effect on I’evi'rsion. Acids and 
^me anesthetics, especially chloroform. c:iuse iK'gative colonies 
to become strongly positive, but re\Trsion is not spc'cific'ally de- 
pendent upon the concentration of the chemicids. Uolonit's 
which are positive in a solution liaving a given chi'inical coneem- 
tration may be negative in the same solution or ev('ii in a W('ak(‘r 
solution. The effect of acids is proliably du(' to the accompany- 
ing reduction in the alkalinity of the cultuinl solutioti. 

10. The sense of orientation is dejX'ndent u])on the pliysio- 
logical state of the colonies as well as u])()ii tlii' (‘onsiitution of 
the culture medium. 

11. The sense of orientation is dependent upon the age of the 
colonies. Young colonies are more lik(‘ly to l)e n(‘galive than 
old ones. In a given solution (ho young specimens frocjucaitly 
collect at the side of the dish farthest from the light wliilo the 
old ones collect at the opposite side. 

12. Reversion in orientation is probaldy associated with 
changes in permeability, positive orientation b(‘ing associated 
with an increase and negative orientation with a dwrease in 
permeability. 
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Resumido por el autor, Andrew Johnson Bigney. 

Lob efectoB de la adrenina sobre la emigracidn del pigmento en 
los melandforos dc la piel y en las celulas pigmentarias 
de la retina de la rana. 

P^l presente estudio se ha efectuado sobre Rana pipiens, com- 
parando los result ados obtenidos con los producidos en otras 
especies. El autor ha comprobado los efectos de la luz y la oscuri- 
dad sobre la rana normal. Los efectos de la adrenina sobre el 
pigmento de las celulas de la retina fueron estudiados en ranas 
sometidas a la accion de la luz y en otras colocadas en la oscuridad 
durante varias horas. En las ranas sometidas a la acci6n de la 
luz, cl pigmento aparecc dif undido, como sucede normalmente en 
estas condiciones, pero en las ranas que han permanecido algiin 
tiempo en la oscuridad tambien aparecia dif undido, demostrando 
esto que la adrenina produce la difusion de dicha substancia, 
Puesto que los efectos de la adrenina y la luz son los mismos no 
pueden ser estudiados en las ranas colocadas a la luz, pero en las 
que han permanecido cierto tiempo en la oscuridad, que normal- 
mente produce la contraccidn del pigmento, la influencia de la 
adrenina se hace notar; alcanza el maximum de intensidad a los 
siete minutos y sus efectos no cesan hasta pasadas unas cinco 
horas. Despues de comprobar los puntos mencionados, el autor 
empled diversas concentraciones y ha encontrado que con solu- 
ciones tan diluidas como la de 1:5,000,000, la influencia de la 
adrenina sobre el pigmento puede comprobarse. El pigmento de 
los melanbforos de la piel fue examinado bajo las misnias condi- 
ciones que el de la retina y se pudo comprobar que la adrenina 
produce su contraccidn a la luz, en vez de provocar su difusidn. 

Translation by Dr. Joa6 F. Nonidez, 

Columbia University. 
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THE EFFECT OF ADRENIN ON THK IRCMI^NT 
MIGRATION IN THE MELANOPHORES OF 
THE SKIN AND IN THE lR(iMr:NT 
CELLS OF THE RETINA OF 
THE FROCT 

ANDREW JODXf^ON B[(;XEY 

The purpose of this paper is to discuss the inOuoiK'o of adreniii 
on the pigment migration in the dermal molanoi)hores and the 
retinal pigment cells of the frog. It seems to bo fairly well es- 
tablished by the work of a number of investigators that :idreniii 
.does induce a migration of the pigment granules from the cell 
processes into the body of the cell of the dermal mehmojdion's of 
fishes, amphibians and reptiles. Tins has been ])rove(l in the 
frog by Corona e Moroni (’98) and })y Lieben (’Ob). Aeconling 
to Klett (’08), the retinal pigment of the frog also migrates into 
the body of the cell under the influence of adreniii, but Fujita 
(’ll) states that this drug produces just the o])i)oslte ofh'ct on 
this pigment. In order to clear up this uu(*er1fiinty and to d(‘- 
termine the relation of the retinal migration to that of the skin, 
the present investigation was undertaken. TIkj work was sug- 
gested by that of Redfield (’17) and was done nnder the dina'iion 
of Prof. G. H, Parker, to whom I make due acknowhalgimait for 
his many valuable suggestions. 

The frogs used in these experiments wen^ almost ('utiix'ly Raria 
pipiens Schreber, though a few of liana clamitans Latr(alle were 
used, but there was no difference seen in the migration of tlu^ 
pigment in either the skin or the retina of tlu'sii two sjHH'ics. 
The adrenin employed was that prepared by Parke, Davis k 
Co. and sold under the name of '‘Adrenalin Chloride in stnmgth 
1 to 1000.” 

^ Contributions from the Zoologiosil Laboratory of (he Museum of Compara- 
tive Zoology at Harvard College. No. 314. 
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In testing the effects of this -drug on the melanopnores oi me 
skin, preliminary experiments were madp on the effect of light 
and darkness on these cells. This was merely to confirm the 
work of previous investigators that in the light the pigment 
expands and in the. dark it contracts. This action takes place 
in an hour or so; but to be sure that there was a complete migra- 
tion, the frogs were kept either in the light or in the dark for 
six hours. 

To determine the influence of adrenin on this pigment, two 
frogs were placed in strong, diffused daylight for six hours, 
after which 0.06 cc. of a solution of adrenin one part in a thousand 
was injected into the dorsal lymph spaces of each animal. The 
frogs were then kept a quarter of an hour in the light and killed 
and a small portion of the skin from the hip was removed and 
prepared for microscopic examination by fixing it in Perenyi’s 
fluid and mounting it, unstained, by the usual method. In both" 
instances the melanophores were found to be strongly retracted, 
which \yas opposite to the state induced by light. 

Two more frogs were next treated in the same manner, but 
they were kept in the dark, and upon examining their skin the 
melanophores w^e found retracted, thus showing that the adre- 
nin produces no jther effect in the dark, These results harmo- 
nize with the investigations of previous workers. 

To determine the strength of the adrenin necessary to produce 
these reactions, a number of frogs were kept in the light the 
usual time, then injected with the adrenin in concentrations, 
one part in ten thousand, one in fifty thousand, and one in five 
hundred thousand. The frogs were killed at the end of an 
hour. Those with one part in ten thousand had the pigment al- 
most completely retracted, while those with one in fifty thousand 
had slight retraction, and those with one in five hundred 
thousand showed no effect. 

The same concentrations were, used on frogs kept in the dark . 
and in all instances the melanophores remained retracted, as 
was to have been expected. 

To determine how long the influence of the adrenin lasted, the 
usual amount, 0.06 cc. of ,a solution one in a thousand was in- 
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jected into the lymph spaces of a number of froj^s kept in tlie 
light and they were killed at varying intervals from seven min- 
utes to five hours. Complete retraction was found tO last for 
about two hours; at three hours, inoderate contraction was noted, 
while in four to five hours retraction was replaced by full (Expan- 
sion, thus showing that the influence of the adrenin liad com- 
pletely passed off. 

The migration of the retinal pigment under the influence of 
light and darkness is well known to be outward from the cell in 
light and into the cell in the dark. To test the influence of adre- 
nin on these pigment cells, eight frogs that had been kept in the 
light for five hours were injected, eacli with O.flb cc. of adrenin 
solution one in a thousand and were killed in pairs, the first pair 
after fifteen minutes’ exposure to the dnig, the second after 
thirty minutes, the third after forty-five minutes, and the fourth 
at the end of an hour. The eyes after removal were fixed in 
Perenyi’s fluid, cut into sections, and mounted unstained. In 
all instances the retinal pigment was found to be fully expa.nd(M]. 

The experiment w^as then reversed, the frogs being kept in the 
dark five hours and subjected to the adrenin while still in the 
dark. They were also killed in pairs at quarter-hour intervals. 
To my surprise, the retinal pigment in every case was fully 
expanded. To avoid possible error, I repeated the experiment, 
with exactly Mie same results. Control frogs injected with phys- 
iological salt solution, instead of adrenin, were made to accom- 
pany the others. The retinal pigment in all of these remained 
retracted as in the regular dark condition. It is therefore cer- 
tain that the adrenin acts upon the retinal pigment in the same 
way as light, as maintained by Fujita (Tl). It thus appears 
that the action of adrenin on the retinal [)igment cells is the op- 
posite of what it is on the melanophores of the skin. My results, 
therefore, are opposed to those of Klett (’08), who maintained 
that adrenin caused a retraction of the retinal pigment. His re- 
sults were obtained by an intra-ocular aiiplication and not by 
injecting it into the blood stream. He could g('t no n'sults by 
the latter method. In all his experiments the frogs were in 
direct, strong light or in diffused lighC but never in the dark, 
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and the concentration of adrenin was strong enough to be poison- 
ous to the animals. It is, therefore, not.surprising that he failed 
to observe the real action of the drug. Furthermore, since the 
adrenin and light act in the same way, the real action of the drug 
could not be noticed in the light condition. Had Klett carried 
on his tests with frogs kept in th(! dark instead of the light, I 
am convinced that his re.sults would have agreed with Fujita's 
and mine. 

To determine the concentration necessary to produce the mi- 
gration of the retinal pigment, frogs that had been kept in the 
dark were injected with adrenin in strengths varying from one 
part in a thousand to one in one hundred million. The frogs 
were subjected to the influence of the drug for one hour and then 
killed. At concentration one to one thousand there was com- 
plete expansion of the pigment, at one to ten thousand almost 
complete, at one to fifty thousand there was less expansion and 
less regularity in the condition of the preparation, and at one to 
one million or one to five million the results were not very uni- 
form. While the influence of the adrenin could i^till be detected 
at these dilutions, there was an irregularity which recalled the 
variation often noticed in normal frogs. The action of the 
drug on the retinal pigment is possible in even greater dilutions. 
This sensitiveness of the retina is in marked contrast with that 
of the skin, which is not nearly so responsive. There seems to 
be no sharp ending in its influence either on the skin or the re- 
tina, but a gradual diminution. 

To determine how long the influence of the adrenin on the 
retinal pigment lasted, a number of frogs kept in the dark were 
injected with a solution of adrenin one in one thousand and the 
eyes were prepared at hour intervals from one to six. After 
an hour the pigment showed complete expansion; after two hours 
somewhat reduced expansion; in three to four hours still further 
reduction, and in five to six hours the retraction was complete, 
thus shov ing that the influence passes off in about four hours. 

It is clear from those experiments that adrenin causes a con- 
traction of the pigment in the deniial melanophores and an ex- 
pansion of that in the retinal cells—processes precisely the oppo- 
site of each other. 
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Another interesting question presents itself. How does tliis 
drug act in causing the above results’.' Is it through the n('r^’es 
or directly upon the ceils by being carried in tlu‘ blood’.^ To 
answer these questions, frogs in which I lie optic m‘r\(‘ of one 
eye had been cut very close to the brain, the other optic nerve 
not having been disturbed, were injected with adrenin under the 
usual conditions. In this experiment the retinal iiiginent was 
found to be expanded in both eyes, thus showing that the optic 
nerve is not concerned in this action, but tliat it is wry probably 
due to the drug carried in the blood. 

Another experiment was performed in which tlie eyes of several 
frogs were removed and treated directly l)y injecting the adrtmin 
into the eyeball of one side and ph}'siologi(*al salt solution into 
the eyeball of the other side in each frog. Irregidar results were 
obtained; the pigment sometimes being retracted, but most gim- 
erally expanded in all the eyes. These irregularitic's were evi- 
dent in the control frogs as in the experimental set. ddiis led to 
the suspicion that the condition of the frogs was not satisfactory 
owing to the season of the year. The. earlier jiart of this work 
was performed in the autumn and winter ami tlie ivsults were 
strikingly unifonn and consistent, but the later part of it was 
done in the spring. It was, therefore, suspeeb'd that the advent 
of the breeding season had something to do with iho n'sults. It 
is not improbable that this irregular condition is d(‘))ondent, as 
Fuchs ('06) has suggested, on an esiiecially excited state of the 
animals whereby adrenin is secreted naturally and in consi<l(‘ral)lc 
quantities by the frog itself. This suggestion, which seems 
plausible, is nevertheless purely hypothetical. It is intended to 
continue this part of the work with the view of a linal determina- 
tion as to the real cause of this irregularity. 
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Piesumido por el autor, W. W. Swingle. 

Estudios sobre la relaci6n del iodo con la tiroides. 

1. Los efectos de la alimcntacidn iodada sobre los renacuajos 
normales y tiroideclomizados. 

El presente estudio trata del problema entre la relacibn del iodo 
y siis compuestos con la actividad y funcibn de la tiroides, deter- 
minada por los efectos que siguen a la ingestibn de estas substan** 
cias por las larvas do rana, normales y desprovistas de tiroides. 
Cuando se alinientan renacuajos normales con cristales de iodo, 
los cambios propios dc la metaniorfosis aparecen pocos dias 
despiies y dicho proceso se lleva a cabo en corto tiempo si se 
alimentan con algun cuidado. La ingestibn del iodoformo pro- 
duce resiiltados semej antes pero siis efectos no son tan rapidos; 
con el ioduro potasico se obtienen los mismos resultados. El 
iodato potasico no parece producir efecto alguno sobre la meta- 
morfcsis. En animales privados de las glandulas tiroides cuando 
median 4 mm. de longitud, alimentados despucs con iodo, la 
metaniorfosis se llevb a cabo rapidamente, a pesar de que en las 
larvas desprovistas de tiroides y alimentadas con los’ alimentos 
adecuados nunca aparecen cambios metanibrficos, sino que, por 
el contrario, crecen hasta convertirse en renacuajos gigantes. El 
exarnen microscbpico de estas larvas no pudo revelar indicacibn 
alguna de tejido tirofdeo. La comparacibn entre la rapidez de 
la metaniorfosis en las larvas alimentadas con iodo y las alimen- 
tadas con extracto de la tiroides o con tejido tiroideo demuestra 
que el iodo es mas potente en la produccibn de los cambios meta- 
inbrficos. El autor consigna experimentos describiendo el efecto 
del iodo sobre el canal alimenticio y otros brganos y hace notar 
que el iodo actua dentro de los tejidos cdmo un verdadero hor- 
mon, sin intermedio de la glandula tiroides, que funciona princi- 
palmente como im reservorio del iodo. 


Translation by Dr. Jos^ F. Nonldcz, 
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INTRODUCTION 

( 

Early in the spring, 'while carrying on a series of .feeding ex- 
periments with tadpoles, the writer suggested to Mr. A. C. 
Eitzen, a student in the Aledical School of the I nivtTsity of 
Kansas, that he undertake the problem of feeding inorganic 
iodin, and various organic compounds of this substaiict^ to frog 
larvae. The object was to note the macros{‘oi)ic efTect ui)on 
growth and metamorphosis and the histological effects on the 
thyroid and germ glands. 

Most of the investigators who have dealt wth the problem 
of the relation of iodin and its compounds to the activity of the 
thyroid have used mammals as experimental niatcrial, forms 
which, in the author’s opinion, offer no such sure and f-ertain 

experiiiiental work for this paper wa.s done while ihc writer was in- 
structor In zoology at the University of Kansas. Acknowledgimmt is made to 
' this laboratory. 
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criteria for judging the effect of iodin administration and 
thyroid activity upon the organism as do frog larvae. The 
original work of Gudcmatsch (since followed by that of Morse, 
Lenhart, and Swingle) showed that any increased stimulation of 
thyroid activity, as for instance by feeding thyroid extract, was 
at once indicated by metamorphic changes in the tadpoles. The 
present problem was to utilize these somatic phanges as a cri- 
terion of hyperthyroid function and to gauge the effects of iodin 
upon the gland by feeding it to immature larvae. 

Mr. Eitzen followed the suggestion, and, in conjunction with 
the writer, started the work, but owing to induction into military 
service shortly afterward gave up the problem. Consequently 
if fell to the writer to work out his own suggestion. The results 
obtained contribute some additional information regarding the 
relation of iodin to the physiological activity of the thyroid, to 
the probable role of this gland in the economy of the organism, 
and to the more general problem of amphibian metamorphosis. 

LITERATURE 


The active principle of the thyroid gland is at present un- 
known, or at any rate much in dispute. The relation of iodin 
to this gland has been for many years a matter of great interest 
ta clinicians and investigators, and it has long been recognized 
that iodin holds an important place among the constituents of 
the thyroid. Since 1820 iodin has been used more or less in the 
treatment of thyroid diseases, but it was not until 1895 that it 
became known that the glands usually contain iodin. Baumann 
('95) contributed this important information to our knowledge 
of the gland. 

This investigator isolated a specific iodin compound from the 
gland which he named iodothyrin. It apparently has many of 
the specific properties of the gland tissue itself. 

Oswald ('02) succeeded in isolating the protein with which the 
iodin in the gland is combined. He called this protein thyro- 
globulin; it ^vas found to constitute one-third to one-half of the 
weight of the dry gland. The iodin content varied from zero to 
0.86 per cent or more. Baumann’s ioddthyrin could be obtained 
from it by hydrolysis. 
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Kendall (14) has reported the separation of .the physiolo^n- 
cally important thyroid constituents into two fractions: an A or 
alpha fraction, containing ten times the percentage of iodin of 
the original thyroid. This alpha fraction is t<^xic ;uul its ad- 
ministration produces typical symptoms of excess thyroid 
feeding. Ihc B fraction contains less iodin and is nou-toxic. 

ihe relation ^of iodin to the physiological activity of the 
thyroid is very close; in fact, the activity of the gland ai^pears 
to depend upon its iodin content. 

One investigator, Boos (’99), working with d(^gs. found tliat 
more nitrogen was excreted after the administration of thyroid 
rich in iodin than after that of thyroid containing little io<iin. 

Marine and Williams (;'0S) observed that thyroid eontaining a 
larger percentage of iodin caused a greater loss of weight in dogs 
than did a preparation containing a smaller peiventagv. 

Hunt and Hunt and Seidell (’07 iincl ’OS), in tin extended 
series of experiments in which the etTe(‘ts of tlni’oid upon the 
resistance of animals to certain poisons w.as determint'd, found 
that the physiological activity of the thyroid (l('i)en(led upon 
its iodin content. 

Morse (14) fed the larvae of Raiia pij)iens on varioiis iodin 
compounds, but obtained negative results with all iiiorganie 
iodin. He was able to accelerate metaniorpliosis in these 
animals by feeding iodized amino-acids (d-o-di-iodo-tlivrosiri, 
Ce H^OHrsCH^.CHo.CHMTCOOH). This amino-acid was de- 
rived from the thyroid tissue l)y acid hydrolysis. 

Lenhart (15) fed thyroid tissue to tadpoles and {)bscrved tliat 
the higher the iodin content of the gland fed, tlKMimre rapid the 
body metabolism. 

This review is by no means exhaustive. Bcsidi's tlie investi- 
gators quoted, there arc equally as many, if not more,* who i-laim 
that iodin has no relation to thj'roicl activity and that it does 
not function within tlie organism. 
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MATERIAL AND METHODS 

Late in March (1918) several bunches of Rana pipiens eggs in 
late segmentation stages were collected and brought to the lab- 
oratory to develop. All of the animals used in a single experi- 
ment were taken from cultures, the larvae of which .came orig- 
inally from the same bunch of eggs, hence were of the same 
age. The animals were separated into lots of fifty each when 
the free feeding stage was reached and kept in large glass con- 
tainers under identical environmental conditions. Several groups 
of fifty tadpoles each were fed inorganic iodin crystals finely 
ground, mixed with wheat flour in the proportions of I to 100, 
using the same procedure described by the writer in a previous 
paper (T8) for administration of thyroid extract. Another lot 
of larvae Avas fed iodoform mixed with flour as described. Two 
other cultures were fed potassium iodide, also in flour, using the 
same ‘proportions as before. Solutions of potassium iodide were 
prepared and an attempt made to rear the tadpoles in them, 
but the method proved unsatisfactory and so was abandoned. 

The larvae Avere fed each day, care being taken not to overfeed; 
the Avater Avas changed daily, and with the advent of warm 
weather twice daily. Very early in the Avoric it A\'as observed 
that unless the iodin Avas mixed AA ith food in some way, the 
larvae refused to eat it. This Avas especially true of the iodin 
crystals. Clreat mortality results if the crystals are merely 
thrown into the containers among the tadpoles. The quickest 
and most effective Avay of rendering the iodin palatable was to 
mix finely ground crystals Avith Avheat flour (1 to 100) stir until 
the flour Avas % delicate brownish hue and then feed the dry 
mixture. Small bits of algae Avere fed the animals along with 
the iodin. ^ . 

The various mixtures -of .iodin and flour pre*pared by the 
method described by the writer in a previous paper (A 8) for 
thyroid administration keep well, Avith the exception of the iodin 
crystals and flour. The mixture appears' to lose strength after 
about two weeks. Regarding the chemical nature of the sub- 
stances formed by the mixture of iodio^nd its compounds Avith 
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flour, no mention will be made here. This pliase of tlie work 
together with certain histological data gathered by examiuatioirof 
normal and thyroidectomized iodine-fed larvae, will be I lie 
'subject-matter of part II of this paper. The results obt;diied 
with feeding normal larvae potassium iodine will be discusseii 
first. 

, OBSIvRVATIOXS 

7. Experiments with feeding piihissium iodide to nornud tadpoles 

The tadpoles were first fed potassium iodide and Hour when 
they averaged 10 mm. in length: none of the animals showed 
indications of limb buds. April 11th, eight days after the 
first administation of potassium iodide, the animals were 
measured and examined with a microscope for limb biuls. At 
this time some of the larvae apiieared S()me\^hat ema(*iated and 
about one-fourth of the animals had hind limb buds, thougli the 
buds were small. The controls were somewhat larger than the 
experimental larvae, but no limb buds were found. Table 1 
gives the total length of twenty of the larvae from each culture, 
in millimeters and indicates those animuls with limb Imds. 

April 18th. When examined on this date the potassium- 
iodide-fed animals were lighter in color than their controls but 
of about the same size. All of the ex])erimental animals had 
hind limb buds whereas none of the controls had d(‘V(Hop(‘d 
them (table 2). The emaciated ap])earanc(‘ f>f the larvae, 
noted at the previous examination, had disapiicarod. 

April 26th. The potassiiim-iodide-fcd larvae had by this time 
outgrown their controls and were cousidiunhly lighter in color. 
All of the experimental animals had well-developed hind limbs 
showing differentiation into the two primary divisions witli toe 
points.^ Only three of the controls had liml) buds, none showed 
any differentiation of parts. The difference between th(' two 
cultures of larvae in regard to lipib development was striking 
(table '^). 

May 6th. The animals fed on the iodine compound were now 
distinctly larger than the algae-fed larvae. Ihe light c(jlor of 
these animals was maiJ^ed. Iheir limbs were well dev^doped- - 
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TABLE 1 
April 11 


KI-fED larvae 

CONTKOL8 fOR KLpED LARVAE 

r,enj;(h 

Limb buds 

j ’ Lenj'th 

Limb buds 

nno 

+ 

; mm. i 

15.0 


15..^ 

•f 

1 10.5 

- 

13 5 

4* 

15.5 

- 

14.5 

- 

17.0 

- 

1.5.0 

+ 

18.5 

- 

14,0 

4- 

17.0 

- 

10.0 


10.5 

_ 

14.0 

+ 

15.0 

- 

13.5 

4- 

19.5 

- 

14.0 

- 

18.5 

- 

17.5 

- 

20.0 

- 

14.0 

- 

19.0 

- 

13.0 

- 

18,5 


13.5 

- 

16.0 

- 

10.0 

- 

20.0 

- 

14.5 

- 

18.5 

- 

14.0 


15.5 

- 

15.0 

- 

17.0 

_ 

13.0 

- 

19.5 

- 

14.5 

4- 

15.5 

1 

Avemgo 
. length.. 14. 5 


17.5 




much in advance of the controls (table 4). No mortality had 
occurred in the cultures of either group. 

May 18th. The experimental animals were much larger than 
the controls, more sluggish, lighter in color, limbs much more 
highly developed and much larger. No other differences were 
noted (table 5). 

The animals of this culture were not measured again, owing 
to the pressure of other work at this time. They were fed and 
tended as usual, however. .It was observed sometime later 
that the potassiuin-iodideffed animals appeared to be slowly 
falling behind in growth rate. They remained much lighter in 
color and had limbs much longer than the controls. The cul- 
tures were kept until the 1st of June. » When it became impos- 
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TABLE 2 




KI>fed : 

LARVAE 

COXTROI.H ri)R KI-KKI) LAKV.AB 

Length 

Li til 1)8 

Longth 

l.iiiiht 

mm. 


mm. 


21.0 

+ 

23.0 

_ 

18.0 

+ 

IS.ii 

_ 

17.0 

+ 

22.0 

- 

20.0 


21 ,5 

- 

. 21.5 


20 0 

- 

19.0 

+ 

22.0 

- 

18.0 


10.0 

~ 

21,0 

+ 

'20., 5 

- 

22.0 

+ 

■2'2 ,') 


19.5 

7- 

18.5 


20.0 

+ 

19.0 

- 

23.0 


21.0 

- 

21.5 

+ 

10.. 

- 

17.5 


‘23.0 

... 

22.0 

+ 

ISO 

- 

20.5 

+ 

'21.0 

- 

19.0 

-t 

20.5 

- 

23.5 

+ ■ 

'22.0 

- 

22.0 

4- 

'23,5 

- 

20.5 

■ + 

23.0 

- 

• 20.37 


21.07 



sible to prolong the experiment, the an ii mils \\er(’ killed and 
preserved for microscopic examinatiom 
Discussion of potassium mhde fecthvg expenvieuL '\ 1h‘ results 
of this experiment, while not so interesting pmhaps as those 
obtained by administration of iodiii crystals, S(‘(aned worth 
recording in detail. The table of measurenuaits sliows that the 
growth capacities of the larvae receiving potassium iodide* were 
much increased. It is interesting to note in this (*(jnnection tliat 
Adler (’13), in a brief paper dealing with the effects of iodin 
upon the germ glandg of amphii)ians and mammals, observ(;d 
that iodin compounds appeared to stimulate the growth rate of 
the amphibian larvae with which he worked. Ib^ recoids no 
measurements, how’ever, and made no obsiu’vatiuns n^garding 
metani Orphic changes. 
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TABLE 3 
April ^6 


larvae 

CO.VTBOL8 FOR ELfED LARVAE 

, Length 

limbB 

Length 

1 Limbs • 

mm. 

28.5 

+ ' 

2$ , 5 

j 

+ 

27.0 

■+ 

28,0 

1 + ' 

27.5 

■ + 

20.0 

1 

;3().0 

+ 

27.5 

' 

29.5 

+ 

25.5 

' 

28.0 

+ 

30.0 

1 * 

.31,0 

+ 

27,5 

• + 

29.5 

■ + 

, 26.0 

+ 

32,0 


2).0 i 

- 

32.5 

,+ i 

26.5 

- 

33.0 

+ 

29,0 


30.0 1 

+ 

27.5 ^ 

- 

33.0 

+ 

24.5 

+ 

.32.5. i 

+ 

20,0 i 

- 

29.5 ' 

+ 

27.5. 

. - 

31.0 

+ 

31.0 

- 

20.0 


25.5 

- 

33,5 

+ 

' 25 ,0 

■ + 

30.5 1 

+ 

27.0 

- 

32.0 

+ 

28.5 

- 

30,5 


27.05 



Potassium iodide in flour clearly stimulates the growth and. 
differentiation of limbs. Morse (^14) w^as unable to produce 
metamorphic' change, by administration of iodin compounds to 
tadpoles, with the exception of iodized blood albumin. In the 
light of the results obtained by the writer with iodin crystals, 
it is difficult to understand why this investigator failed to get 
. positive results. His method of feeding the iodin probably 
accounts fgr the discrepancy in our results. Why- feeding 
potassium iodide stimulated the growth of tadpoles is not clear. 
Feeding other iodin compounds gives ju^t the reverse results, 
i.e., growth ceases. 
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TABLE 4 


Mdil 6 


KI-fid 

LARV.iE 

CO\TRol.s Fi.lt 

K1-KK1> I.VUV.iE 

Length 

J.inihs 

l.t’iiaih 

l.iiiil)!) 

mm. 



; - - 

34.0 


2S.5 

■+. 

35.5 

+ 

26.0 . 


30.0 

+ 

29 5 

j- 

29.5 

+ 

25.5 


■ 32.5 

+ 

27 n 


36.0 

+ 

30.0 

-h . 

39.0 

+ • 

27.5 


32.5 

4- 

2!).0 


34.0 

+ 

31.5 

t- 

33.5 

+ 

2S,0 

4 - 

41.0 \ 

+ 

2S 5 

+ 

4 - 

38.0 

+ 

30.0 

36.5 1 

+ 

29.0 

+ 

i .|. 

44.0 

■f 

31.5 1 

40.0 

* + 

27.5 


33.5 

+ 

:}0.(] 

4 - 

36.0 

+ 

26.5 


39.0 

+ ' 

30.0 

T 

41.5 

: + 

31.0 

+ 

38.0 

4- 

2S.5 


36.2 


2S,7 



2, Experivients with feeding iodm (‘rystak to normal hirvar 


This experiment was conducted in tlie sani(‘ niunuor as de- 
scribed for the potassium iodide experiiiHuii. The larvee 
averaged 10.5 mm. in length when the iodin was first fed, Ajiril* 
4th. None of the animals of either control or experimental 
cultures shouted any indications of limb devi'lopiiH'iit. Se\’en 
days after the first feeding, the animals fed on the io^in liad limb 
buds and showed other bodily clianges not found in th(‘ coninds 
(table 6). The larvae appeared emaciated ; head much elongab^d 
(this change is only apparent and has been shown by the writer 
to be due to atrophy of the coiled gut) ; body thin: eyes bulging; 
pigmentation light. One or tu o of the animals showed signs of 
tail involution. All of the larvae were extrcmu'ly sluggish' and 
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TABLE 5 
May 18 


. KI-yER 

L.VRV.<E 

! 

! CONTROL OP KI-FID LA.BVAE 

Length 

Limbs 

Length 

Limbs 

mm, 


mm. 


44.0 

Large 

32.5 

Very small 

40 0 

Large 

31 0 

Very smalb 

4.A.5 

Large 

34,0 

Very small 

44,0 

Large 

31,0 

Very small 

30,. A 

Large 

34,0 

A'’ery small 

40,0 

Large 

33,5 

Very small 

40.5 

Large , 

29 .5 ■ . 

Very small 

44.0 

: Large i 

35.0 j 

Very small 

47.0 

T.arge 

30.5 

Very small 

3S.5 

Large 

30.0 

Very small 

4.5.0 

Large 

33.5 

Very small 

42.5 

Large 

31.0 

Very small 

40.0 

Large ^ 

34.0 1 

Very small 

43.5 

Large 

33.0 

Very small 

30.0 

Large 

30.0 . 

Very small 

41.5 

Large 

33.0 

Very small 

42.0 

Tairge 

30.5 

Very small 

38. 0 

Large 

29. .5 

Very small 

10.5 

Large 

31,0 

Very small 

44.0 

Large 

30,5 

Very small 

42.3 


' 32.05 



remained near the surface of the containers. The hind limbs 
were small, and as yet they had not differentiated into their two 
primary divisions ^\dth toe points. 

These animals revealed clearly all of the symptoms of hyper- 
thyroidism, the reaction to which is characteristic in this 
species. Examination of the controls showed none of these 
changes. None of the animals had limb buds. 

April 17. -On this date the differences between iodin-fed and 
control larvae Avere marked. All of the body changes noted on 
April 11th Avere noAV much more obvious. The tails of the iodin- 
fed animals were undergoing atrophy; the hind limbs Avere plainly 
visible and had differentiated toes. The total length of the ani- 
mals had decreased oAAung to tail resorption (table 7). There was 
great mortality among the larvae of the iodin culture. Out of 
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TABLv: a 
Ajtrll u 


lUDlN-F?:! 


— 





Length 

Limbs 

h 

(.ill 

mm. 


m/H. 


11.0 


l.VO 


12.0 

1 

10.5 


11,5 

+ 

* 15.11 


10.5 

+ 

IS 5 


12,0 


17.5 


11,0 

+ 

10 0 


12.5 

+ 

20,0 

- 

13,0 

+ 

ISO 

- 

11,0 

+ 

15.5 


11.5 

+ 

1!) 5 

_ 

13,5 


17.0 

- 

10,0 

+ 

17,5 


12.0 

+ 

20 0 


10.5 

+ 

10 0 


11.0 

4- 

15.0 


12,5 

+ 

17.5 

- 

10.0 


17.0 

- 

13.5 

+ 

1!).0 


11.0 . 

+ 

21 .0 


12,0 

4- 

IS 5 

- 

11,0 

+ 

17 0 ! 

- 


several cultures containing fifty larvae each, only thirty animals 
remained alive on this date. The controls liad incrrasial in size 
during this interval, but none showed signs of limb (lov(4o|)m('nt. 

A new series of cultures of iodin-fcd animals was started. Th(‘ 
animals averaged 18 mm. in length when first hal iodin. I’iight 
days later the first indications of body change^ appeared, and ten 
days from the date of first feeding the limb buds of th(‘ ('xp(‘ri- 
mental larvae averaged 0.8 rnm. irf lengt h. TIk' coni rols showed 
no signs of limb development. At this time the animals \vm) 
taken off the iodin diet and fed algie in order to prolong the (‘x- 
periment, as the mortality rate w as abnoi’inally higln 4'h(‘ con- 
trol animals at this time av(u'ag(al 19 mm. in hmgtli ; the iodin-f(‘d 
larvae, 14.5 mm. For several days both sets of tadpok's wtTc 
fed only algae and then measured at the (nnl of th(^ peitod. l^he 
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TABLE 7 
April 17 • 


lODlN-FED LARVAE ’ CONTROL OF lOWN-FED 


Length 

Limbs 

Length 

Limbs 

mm. 

mm. 

mm. 


12,0 

1.5 

20.5 

None 

10.0 ' 

i.a 

24.0 

None 

9.0 

14 

21.0 

None 

9.5 

0.5 

23,5 

None V. 

9,0 

1.0 ' 

22 0 

None 

10 .5 

1.0 

24.5 

None 

10.0 

1.0 • ' 1 

20.0 

None 

12.0 

2.0 

19,0 

None 

13.0 

1.0 

21.0 

None 

i 

0.5, 

23.5 

None 

9.0 

0,5 

20.0 

None 

9.0 ' 

1.5^ 

20.5 

None 

10,0 

i.o' 

21.0 

' None 

10. .5 

1.5 

24.5 

None 

9.0 

1.0 . 

22.0 

None 

11.0 

2.0 

20.0 

None , 

12,0 

1.5 

19.5 

None 

12.. 5 

1.0 

21,0 

None 

9.0 

0.5 

23.0 

None 

9.0 

1.0 

20.5 

None 

10,4 

1.12 

21.5 



controls avejagcd 23.5 mm.; the iodin fed, 16.5 ‘mm. The latter 
had well-developed hind limbs. Iodin was again administered 
for eight days and the animals measured. Table 8 indicates 
the differences between the two sets of larvae. 

The fore limbs of the iodin-fed larvae appeared shortly after- 
wards. Six of these animals were reared to metamorphosis 
before death occurred. One the lot was the smallest frog the 
writer has ever seen. The controls for this lot developed nor- 
mally, but have not at the present writing undergone metamor- 
phosis. The fore limbs have not yet appeared. 

In a previous paper the writer had found that when thyroid 
extract is adminstcred to frog larvae, the alimentary tract under- 
goes a remarkable shortening process in a brief space of time. 
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TABLE 8 


IODIK-FED LABrAB 

ri^VTHOL OF lOUI.VrfO 

Length 

Limbs 

Lejigth 

Limbs 

mm,' 

mm. 

mm. 


17.5 

6.0 

27.0 

0 3 

16.0 

4.0 

2S.5 

0..5 

15.5 

5.0 

30.0 

0.5 

16.0 

6.5 

25.5 

0.6 

16.5 

6.0 

23.0 

0.4 

. 16.5 ' 

4.0 

20.5 

0.2 

•14.5 

5,5 

32,0 

0.3 

18.0 

7.0 

♦ 2i),5 

0.6 

17.0 

6,0 

2S.0 

0.4 

16.5 

3.5 

2S.5 

0,3 

15.0 

4.0 

31.0 

0.5 

16.5 

5.5 

20.5 

0.6 

15.0 

5,0 

2(1.0 

0.2 

14.5 

4.5 

2S,0 

0.3 

14.0 

7.0 

30.0 

0.5 

18.5 

5.0 

33,0 

0.6 

17.0 

4.0 

27,5 

0.4 

17.5 

8.0 

20.0 ! 

0,2 

14.0 

7.0 

30.5 

0 3 

16,0 

4.0 

26.5 

0,4 

15.0 

5,4 

28.(1 

0,40.5 


An attempt was made to see if feeding iodin had the same effect 
upon the gut. A series of larvae appropriately controlled was 
started upon the iodin diet to tost this matter. The animals 
were fed iodin for twenty days. Table 9 shows the effect upon 
the gut at the end of this interval. 


3. Experments wilk feeding iodoforni to 7iormal larvae 

An experiment similar in all respects to the potassium iodide 
and iodin feeding was carried out in which iodoform and flour 
was used' as food. The proportions of dour and iodoform used 
was the same as described for the other experiments. Iodoform 
appears To have a ’marked effect in accelerating rnetamorphic 
changes in frog larvae, although the reaction is not so rapid as 
when iodin crystals are used. The iodoform is toxic for the 
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TABLE 9 


lOOl.V-FBD LAUVAE 

CONTROL FOR lODIK'FED LARVAE 

* Body Isngtli 

Leiigtli of gu( 

Body length 

Length of gut 

mm. 

. 

mm. 

mm. 

•JO.. A 

38,0 

25.0 

107.0 

20.0 

3A.0 

23,0 

102 0 

10.. A 

32,0 

23,0 

121.0 

21 .0 

3(i.O 

26.0 

117.0 

10.. A 

' 3S.0 

! 25. A 

111,0 

20.0 j 

^ 32.0 

27.0 

119.0 

20.0 

31.0 

27.5 

1 97.0 

IG.A 

•35.0 

24.5 

123.0 

22. A 

24.0* 

30.0 1 

99.0 

10 0 

2S 0 

27.0 

116 0 

20.0 

31,0 

25.0 i 

102.0 

17 A 

3A,0 

2<S.5 •! 

97.0 

20 0 

,34.0 

26.0 

114.0 

1S,0 

20.0 

23. A 

118.0 

21. A 

24.0 

28.0 

99.0 

18. A 

27,0 

22.0 

105.0 

20 .0 

30 0 

24.5 

122.0 

is. A 

2A,0 

20,0 

96.0 

10.0 

2,S.O 

25. 5 

08.0 

17. A 

30.0 

26.0 

110.0 

10,1 A 

30.0 

25. 85 

lOS 6 


aiiiiiials and the mortality rate is very high when this compound 
is fed for any length of time. Several cultures were kept long 
enough to show the accelerating effect of this substance upon 
metamorphosis. One culture, the animals of which averaged 
12.0 mm, when first fed the iodoform, Avas kept for ten days. 
During this interval the animals ceased to groAV and shoAved the 
reaction characteristic of iodin or thyroid feeding. Limb buds 
were found on all of the exferimental animals, but none on 
the controls. This phase of the Avork Avas liot carried out in 
detail because of the toxicity of the iodoform mixture. 

Discussion of the experiments with feeding iodin to normal 
larvae. The results obtained by feeding' iodin crystals and 
iodofonn are identical with those obtained Avhen extract of the 
thyroid gland is used as food. The changes typical of hyper- 
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thyroidism appear a few days after administration of llie sub- 
stance. Overfeeding? with iodin has same result as over- 
feeding with, thyroid extract- death of the ovgiinisms from a U)o 
rapid rate of metabolism. Iodin, if carefully mlmiiusttuvil. will 
stimulate metamorphosis in a shorter time than lh(‘ fn'sli gland 
tissue. Two years ago the writer hal fivsii thyroid gland to 
frog larvae and kept a record of the rate ot body chang<* and 
the time required for such clianges to (xaair when tlu^ larvat‘ wmv 
fed fresh tissue and the jxnvdenHl (^xti'act. A (■(unparisiiu. t)f 
these time intervals with those of the iodin-fi'd animals of tlu' 
present experiment show clearly that the fresh gland tissu(‘ is 
not so effective in indmhig metainorphic change as the inorganic 
iodin. The animals used in both cases wer(' of tlu‘ sani(‘ species. 

EXPt:iUMENT8 WITH FKPDIXC Til YROl DKCTOMIZEI) I.AUVAK 
lODIX 

Since normal larvae were found to naiet to iodin haaling by 
marked rnetamorphie ehanges, it was coiisidenMl worth while to 
carry out the same experiment u]mn animals wliose thyroids had 
been removed during early embryonic life. 4'he wf>rk f)f Allen 
(T8) has shown that thyroidectomized larvai' fail to umhTgo 
metamorphosis, hut instead piTinanently r('tain tln'ir larval 
characters. If such thyroidless animals could be indiH‘('<l to- 
metamorphose under the stimulus of iodin IVeding, mnv light 
would be shed upon the iodln-thyroid jirobhan and upon tln^ 
causes of amphibian metamorphosis. 

Eighty very young toad tadpoles, tin' thyroid glands of whicli 
had been removed at the 4-mm, siag(‘ by ihof. H, M. Allen, of 
the Unrixrsity of Kansas, were obtaincMl tlirougli tlu^ gi'inonsity 
of this investigator when the larva(‘ a\'eraged h.o mm. in haigth, 
The animals were fed agae until tliey w(T(* 10 mm. long and then 
fed iodin crystals and floin'. dhis series was eontrolliMl by l)oth 
normal and other tliyroideetomized larvae of tla* sanu^ age. 1 he 
iodin mixture was first adininistenul the 27th of May. len 
days later, examination of the culture reveahKl well-developed 
limbs on all of the thyroidless larvae. Th(‘ limbs wctc visible 
without the aid of a lens and had differentiated to<‘ |)oin1s. 1 ho 
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animals appeared emaciated and showed other symptoms charac- 
teristic of hyperthyroidism. The controls had increased in size 
somewhat, and microscopic examination showed tiny limb buds. 
'The iodin feeding was continued until the time of metamor- 
phosis, which took place in a normal manner and was success- 
fully completed by all with the exception of nine larvae which died 
during early metamorphic change. The thyroidless animals 
under the stimulus of the iodin completed metamorphosis in a 
much shorter time than the normal control animals with thyroid 
glands intact. ^ The tliyroidectomized animals used as controls 
for the series are at the present writing very' large and show no 
signs of limb buds. 

About this time twenty extremely large thyroidless toad 
larvae were obtained from Miss Mary Larson, of the University 
of Kansas. The glands of these animals had been removed 
several weeks before; they were much larger than normal toad 
tadpoles at metamorphosis; they were, in fact, typical giant 
thyroidectomized larvae like those described by Allen. These 
animals showed no indications of limb buds when started on the 
iodin diet, but are at the present writing (June 12th) undergoing 
metamorphosis. The fore and hind legs of the animals are well 
developed; mouth is changing from larval to adult form; tails 
•almost* completely resorbed. 

Four of these giant thyroidless larvae used as controls for the 
iodin-fed culture are larger than at the beginning of the experi- 
ment, but show no signs of limb development. 

A number of both large and small thjToidectomized tadpoles 
were killed at different stages of the experiment and preserved 
for microscopic examination. Careful search made for vestiges 
of the thyroid gland have yielded only negative results. No 
indications of accessory thyroid glands have been found in any 
of the thyroidectomized animals examined by me in connection 
with this work. 

An experiment to test the ability of thyroidectomized larvae 
to withstand the deleterious effects of iodin in different con- 
centrations was attempted. Iodin is only very slightly soluble 
in water, but if the crystals are finely ground, a certain pro- 
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portion is dissolved. It was soon foiuul that both noruial and 
thyroidless animals are quickly killed by very weak dihitious. 
Two cc. of such a solution of iodin in oOO ee. of water sullieos to 
kill both kinds of animals in a few hours. No eonclusiotis could 
be drawn from the results, save, perhaps, that Hour w hen mixed 
with iodin must in some way iwoteet the tissues of the larvae 
from the latter. 

Discussion of effects of feeding iodin to dinividertoniizid larvae. 
The results of iodin feedinjij just recorded should in some measure 
serve to clarify the conflicting' views re^ardijiji; tlu' rt'laliou of 
iodin to the physiologhad activity of the thyroid and imhhm- 
tally throw some li^ht upon the cause's ui)d('iiyin» amphibian 
metamorphosis. 

The various views re[i:arding the relation of iodin to tin* thyroid 
held by investigators to-day may be brielly summari/.ed under 
three heads: 1. Home are of the o[)inion that llu' activity of the 
thyroid depends upon its iodin content and that thyroid five* of 
iodin has no physiological activity. 2. AnotluT group of 
writers take the view that there is no relation whatewer laHwiMUi 
the physiological activity of the thyroid and its iodin eon1(Mit; 
i.e., that the iodin usually jiresent has no impnrtane(‘ in the 
economy of the organism. 3. Still other investigtiloi’s admit the 
parallelism between physiological activity and iodin <*ont('nt, but 
deny that iodin is the causal agent, believing ratlna- it Is siniidy 
• associated accidentally wdth the active ])nnei]d(' of tin' gland. 

The effects of iodin feeding to normal tadp{)les givi' ;uldilinnal 
confirmation to the first of these vi<'ws. Hut especially intt‘]’(‘st ing 
in this connection arc the re^sults with haMling iodin to tliyroid- 
less larvae. If animals without the \'estige of a thyroid gland 
are stimulated to complete rncdamoiphosis in an ahnoniially 
short time by iodin, it would appear that iodin functions within 
the organism as a hormone itself and tiuit the gland funetions 
chiefly for storage purposes. The evidenei' from the thyroid(^c- 
tomized larvae indicates that the animal body is capabh^ of 
utilizing iodin directly without the intermediation of the gland. 

The fact that the thyroid gland of man and miinials do('H not 
invariably contain iodin (shown by Miwa and Sto(Htziier. Hoos 
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Topfer and Jolin) and yet such individuals remain healthy may 
be explained by assuming that the tissues of such animals assimi- 
late directly the iodin taken into the body, leaving no surplus to 
be collected by the thyroid. Since the tissues of thyroidec- 
toinized tadpoles can take up iodin in large quantities and use 
it, there seems nothing inherently improbable in the suggestion. 

According to Voegtlin and Strouse, iodized amipo-acid when 
fed to tadpoles accelerates the metamorphosis of the animals, 
but fails to replace the function of the thyroid in pathological 
cases where there is a deficiency of thyroid function. 

The work of these authors, in so far as the acceleration of 
metamorphosis is concerned, agrees with the results obtained in 
the present experiments. The function of the thyroid in patho- 
logical cases, however, may be, an entirely different question. 

SUMMARY AND CONCLUSrON 

1. Iodin and its compounds when fed to the larvae of Rana 
pipiens and Bufo Icntiginosus stimulate metamorphosis in these 
animals very rapidly. 

2. Inorganic iodin when fed to thyroidloss larvae of Bufo 
lentiginosus brings about metamorphosis in an abnormally short 
time. 

3. Iodin appears to function within the organism as a hormone 
itself without the interinediation of the gland. 

4. The suggestion is made that the extraction of iodin from 
the blood and its storage is the chief function of the thyroid gland. 
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Resumido por el autor, W. W. S\y ingle. 

Estudios sobre la relacidn del iodo con la tiroides. 

11. Comparacidn entrc la tiroides de las larvas nonnales de rana 
y la de las larvas alimentadas con iodo. 

En este trabajo el aiitor demuestra que la ingestion del iodo y 
sus coinpuestos, iodoforino y ioduro potasico, por las larvas de 
rana, produce rapidain«nte la metamorfosis, estimulando de este 
mode la accion del tejido o del extracto tiroideos. El examen 
niicroscdpico de la tiroides de larvas alimentadas con iodo y el 
de la misma glandiila de larvas nonnales de la misma edad, man- 
tenidas con el niismo tamano que los animales sujetos al experi- 
inento por medio de una nutricion deficiente, demuestra que las 
glandulas de aqucllas son mayores que las de las larvas normales 
y contienen mas substancia iodada. La comparacidn entre la 
tiroides de larvas de una longitud media de 10.5 mm., alimenta- 
das con iodo, y la de larvas norniales de la misma edad pero de 
una longitud media de 21.5 mm., prodiicida por una alimentacibn 
abundant e, demuestra que las glandulas de ambos grupos de 
animales son aparentemente del misino tamano. El autor de- 
scribe experimentos en los que se ha comparado la rapidez de 
acci6n de varies coinpuestos iodados sobre la iniciacidn de la 
inetamorfosis, El iodo inorganico resulto ser el mas eficiente y 
en segundo y tercer lugar el iodnformo y ioduro potasico, respec- 
tivamentc. Los experimentos llevados a cabo para determinar 
la solubilidad del ‘iodo en el suero sangumeo normal demuestran 
que el del cone jo a 37°C. actiia como disolvente de los cristales de 
iodo on una proporcion de .00075 granios de esta substancia por 
centfmetro ciibico. E\ poder disolvente del suero de la rana es 
algo inenor que el del conejo, pero considerablemente mayor que 
el del agua. El autor incluye en el trabajo nna discusibn sobre 
la relacion del iodo con la inetamorfosis de los anlibios y la funcion 
tiroidca. 

Translation by Dr. JoSe F, Nonidez, 

Colimjbia Uuiversity. 
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THYROID^ 

II. COMPARISON OF THF THYROID OLANDi^ OK lODlN-FKD 
AND NORMAL FROO LARVAL 

W. W. SWIXCLK 

Fellow in Biology, Priuevtioi {’nini'sihj 
INTRODrC'TIOX 

In the foregoing paper (part 1 of these studios) the writer 
described the effects of feeding iodin and various of its com- 
pounds to normal and tln'roidless frog lar\au\ It was found 
that the administration of iodin, iodoform, and potassium irxiido 
greatly accelerated metamorphosis in these animals, des])ite the 
fact that normally thyroidless tadpoles never assume the adult 
characters. 

The results obtained with feeding iodin to tliyroi(h*etomi/.ed 
larvae had led the writer to advance tlu- view that iodin functions 
within the organism as a hormone itself, witluait the inter- 
mediation of the gland. Furthermore, it was sugg(‘st(Hi that the 
chief function of the thyroid appears to lx* that of iodin storage, 
and not, as the current view would hav{‘ us l)(‘li(wa', tlu' ('labora- 
tion of internal secretion. Tlie present paptn is a presentation 
of the results of a comparative study of the thyroid glands (»f 
iodin-fed and normal animals of the sam(‘ age together with 
some additional data gathered since the publication of part I r)f 
this series on iodin feeding and amphibian metamorphosis, 

MATERIAL AXD METHODS 

Some of the material used in the present work was oblamed 
from the iodin-fed and control cultures described in part I. Ihe 

■ 1 The experimental work for this paper was <hme while the wnler was 
instructor in soology at the University of Kansas. 
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material taken from these earlier cultures consisted entirely of 
liana pipiens larvae. The remainder of the material was taken 
from cultures of iodin-fed Bufo lar\^ae. All animals used were 
appropriately controlled with animals of the same age and 
reared under the same environmental conditions. The 'iodin-fed 
larvae were killed and preserved for microscopic examination 
when they showed marked indications of hyperthyroidism. The 
fixing fluid used was potassium-bichromate-acetio (Tellye- 
snicky’s). Only the lower jaw and heart region were preserved. 
After washing thoroughly, the tissue was placed in toto in alum- 
cochineal for thirty hours; washed in distilled w^ater and run 
iUp through the alcohols to absolute. The tissue was cleared 
and kept in oil of wintergreen until ready for use. All measure- 
ments recorded for the glands were made with an eye-piece 
micrometer, Bausch & Lomb microscope, 16-mm. objective, 
ocular 1 . The greatest length and width of the gland only were 
measured. 

CULTURE I. lODlX-FEl) AND CONTROL LARVAE 

The animals of this culture averaged 10,5 mm. in length when 
first started on the iodin diet; none of the animals revealed any 
indications of limb buds. Thirteen days from the date of first 
iodin administration all of the experimental animals showed 
marked symptoms of hyperthyroidism, the indications of which 
are characteristic in this species (Rana pipiens). All growth of 
the larvae had ceased with the first iodin feeding, and from then 
on had in many of the animals actually decreased, owing to tail 
resorb tion; tlie larvae were emaciated; tail atrophy was apparent; 
movement sluggish; all iodin-fed animals had well-developed 
hind limbs. The controls for this culture showed none of the 
changes enumerated, but had increased consid^ably in size. 
Kone of the controls had limb buds. 

Table 1 gives the length of the animals of both experimental 
and control groups and indicates the condition of the limbs 
thirteen days from the beginning of the experiment. Two sets 
of controls wore used for each iodin-fed culture, one set was. 
fed beef and large quantities of algae each day, the other set 



RELATION OF lODIN TO THVHOll) 


419 


was fed very little in order to hold the growth of the animals 
in check so as to keep them approximately of the same bcxly 
length as the animals of the iodinded (Milture. dhe haigtli of 
the well-fed group of controls only is indicated in the table; the 
animals of the underfed culture measured 10.5 mm. 


TABI.E I 


IODIN-FED LARV.KE 

I’ONTHOLS KdU 10lH\-FEl) L.\B\AK 

Total length 

Liniba 

Totul ll'Hgth 

l.iiithg 

mm. 


?}\ m , 


12.0 


20.5 

-- 

10.0 

+ 

1 24.0 


9.0 

T 

1 21,0 

- 

9.5 

-f- 

23.5 


9.0 

+ 

i 22.0 

- 

10.5 

+ 

24..^ 

- 

12.5 

+ 

20.0 


10.0 

■f 

19.0 


1.3.0 

-f 

21.0 

- 

10.5 


23,5 


9.0 


‘20.0 


9.5 * 

+ 

20,5 

- 

10.0 

4- 

21,0 

- 

10.5 

4- 

‘24.5 


9.0 

+ 

‘22.0 

, - 

ll’O 

i 4- 

20.0 

- 

12.0 

' 4- 

19,5 

- 

12.5 

4- 

21.0 

- 

9.0 

+ . 

23,0 

- 

9,0 

4- ^ 

20.5 

„ 

10.36 


21.55 

1 



Microscopic examination of the thyroid glands of this sfuies 
of tadpoles revealed a rather interesting condition: th(‘ glands of 
the iodin-fed larvae were approximately of ec{ual size with those 
of the controls. This, despite the fact that in rc^gard to body 
size, the iodin-fed animals were only half the size of th(^ controls 
as a glance at table 1 shows. tVhen the glands of the iodin-fed 
animals were compared with those of normal animals of the same 
age held at 10.5 mm. by underfeeding, it wa;s found that the 
iodin-fed, larvae had considerably larger glands. The average 
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length and width of twenty thyroid glands of these underfed 
animals compared with those of iodin-fed and overfed anifnals 
is showndn table 2. The measurements given are of the right 
glands the left glands were also measured, but as they showed 
nothing unusual the measurement for them are not recorded in 
the table. 


TABLE 2 

Measurements of the thyroid 


JODIN-FED LARVAE 

j CDNTHOL (cNDERPED) 

CONTROL (will-fed) 

Length 

1 Width 

1 Ixnglh 

Width 

Length 

1 Width 

mm. 

mm. 


mm. 

mm. 

mm. 

0.27‘27 

0.0900 

0.1818 

0.0545 

0.3636 

0.1270 

0.3090 

0,1000 

0.1727 

1 0.0545 

1 0,3181 

' 0,1181 

0.2303 

• 0.0S18 

0.1727 

0.0636 

’ 0.2363 

0.0909 

0 3720 

0.1 a36 

0.1545 

0.0545 

0.2999 

i 0. 1090 

0.3181 

0.1270 

0.1818 , 

0.0818 

0,2727 

: 0,0999 

0.2<K)8 

0. 1090 

0.1630 

0.0727 

0.2636 

0.0999 

0.2727 

0,0999 

0.1818 

0.0727 1 

0,3272 

0.1270 

0.2817 

0.1181 

0.1727 

0.0636 

0,2636 

0,0909 

0.2727 

0.1090 

0.1454 

O.OSIS : 

0.2727 

0.1090 

0.2908 

0.0909 

0.1036 

0.0454 

0.3090 

0.1181 

0.2.o4.“> 1 

0.0909 

0.1303 

0 . 0545 

0.2545 ! 

0.0909 

0.2727 

0.0818 

0.1818 

0.0727 

0.2999 

0,1270 

0.2630 1 

0.1181 

0,1636 

0.0727 , 

0.2545 1 

0.0999 

0.2909 

0,0999 

0.1727 

0.0,545 

0.2272 

0.0818 

0,2817 

0.0090 , 

0.1454 

0.04,54 

0.2999 

0.1090 

0.247)4 

0.0909 

0.1545 

0.0818 

0.2454 

0.1090 

0.2036 

0,0818 

0,1036 

0.0636 

0.2636 

0.1181 

, 0.2727 

0.0818 j 

0.1908 

*0,0909 

0.3181 

0.1270 

0,254.) 

0.1090 I 

0 1454 

0.0545 

0.2908 

6,1181 

0,2099 

0.1090 

0.1818 

0.0818 

0,2363 

0.0818 

0.2812 

0.1031 

0.1063 

0.0658 

0.2808 

0. 1076 


Tt is obvious from these figures that the thyroid glands of 
iodin-fed larvae are larger than those of normal larvae of the 
same age and body size (held at 10,5 mm. length by under- 
feeding), though they are not larger than the glands of normal 
animals of the same age presenting marked size differences due 
to overfeeding. As is well known, the thyroids of frog larvae 
increase in size with the growth of the organism as a whole. When 
the fact is taken into consideration that the iodin-fed tadpoles 
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are just half the size of the animals of the \voll-fod (ailtuiv of 
controls, it is clear the iodin-fed animals ha\’o relatively 
much the larger glands. Microscopic examination of the colloid 
content of the glands of the experimental and tlu' two control 
cultures of larvae, shows a marked <litTeren(*(‘ in the amount of 
colloid visible in the follicles. The glands of the iodin-fed 
animals were packed with this substance, whereas tlie glands of 
the controls showed a rather sctinty amount. 

Since the completion of part I of these studies, the writer has 
carried out several more iodin-f ceding experiments in order to 
test various points left untouched in the earlier work. One of 
these points barely touched upon was the eomparative rapidity of 
action of the various iodiii compounds in accelerating meta- 
morphosis in normal and thyroidless tad])oles. \ detaile<l ac- 
count of the experiment will not l)(‘ gi\Tn hena as it was for tlu' 
most part a repetition of the experiments described in ea.rii(T 
paper. Suffice to state here that iodin crystals when fed to frog 
or toad larvae with and without thyroid glands bring about 
metamorphic changes in the larvae nuicli more ra])idly than any 
of the compounds used: iodoform is somewhat slower in its 
action, but is much more ra]nd than potassium iodide. Three 
feeding experiments were carried out in which i>f)tassium iodate 
was used as food, but as only negative results wcit obtaiiu'd the 
conclusion is justified' that this eompouiid has no accelerating 
effect upon metamorphosis. The laiaaie oat the sul>s1anc(‘, l)ut 
appaffeiitly are unable to break it down sidlieieiitly to ivleasi' 
free iodin. 

While engaged in the experimental work which fornu'd tlic 
subject-matter of the previous paper, llu‘ writ(‘r was under the 
impression that perhaps the results obtained from feeding iodin 
to tadpoles were due to the mixture of flour, iodin, and water 
used, and not entirely to the iodin itself. This erromamf^ idisi 
was due to the fact that in several (airlier experiments made 
to test this point it was observed that frog larvae di(^ v(*ry (piiekly 
if placed in containers with inorganic iodin crystals or in weak 
solutions of this substance. However, furtlier work along this 
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line has shown that both normal or thyroidless frog or toad 
larvae will undergo metamorphosis very quickly if’ placed in 
extremely. weak solutions of iodin. The defect in the earlier 
work was that the solutions were too strong. Just a trace of 
iodin in the water is sufficient to produce results if the solution 
is kept fresh. Cultures of Tadpoles fed on wheat-flower paste 
showed no changes whatever when compared with beef-fed or 
algae-fed controls. This experiment shows clearly that iodin is 
the active principle of the mixture of flour^ iodin, and water, fed' 
in the previous work, and that the flour has nothing to do with 
the results obtained. 

The fact that thyroidless tadpoles readily undergo meta- 
morphosis when fed iodin led the writer to suggest that the 
function of tMs gland is chiefly that of iodin storage, rather than 
the elaboration of a specific hormone, and, moreover, that the 
tissues of animals are capable of utilizing iodin directly without 
the intermediation of the gland. In this connection the results 
of tests made to, determine the solubility of iodin in normal 
blood scrum may be of interest. The scrum of amphibians and 
mammals was used; the amphibian serum was obtained from 
adult Rana pipiens, the mammal scrum from rabbits. The 
serum of the latter at 37°C. acts as a solvent for finely ground 
iodin crystals to the extent of 0.00075 gram per cubic centi- 
meter when stirred vigorously. The solvent powder of Rana 
pipiens serum is somewhat less than that of rabbits, though 
considerably more than that of ^yatcr, 

DISCUSSION 

The iod in-feeding experiments described in this and iiie pre- 
‘ ceding paper should prove of interest to students of amphibian 
metamorphosis, as they give a clue as to the nature of one of 
the underlying causes of this phenomenon. It has been assumed, 
and probably correctly so, that one of the prime requisites of 
the change from the larval to adult condition in Anurans is a 
heightened metabolism. The work of Gudornatseh with feeding 
thyroid to tadpoles showed that this substance accelerated metar 
morphosis, and it is generally agreed that the effect of thyroid 
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extract on tadpoles is accomplished chiefly by greatly accelerating 
catabolic activities. The writer in 1915-11)1 (i (results ])\ibhshed 
in 1918) in an experiment to test the effects of inanition upiai 
the development of the germ cells aii<l germ gltmds of frog 
larvae, found that star\Yation totally inhibits all body growtli ’ 
and differentiation, the animals con^efiuentl}^ ne\’ei’ assumiiig 
the adult condition. Such prolonged starvation undoul)tedly 
acts as a depressor of metabolism. Later Allen obseia'Cil that 
thyroidless tadpoles do not undergo metamorphosis, but instead 
grow abnormally large. In this case tlie absence of the thyn)i<l 
function had led to a prolonging of the anabolic* ])has('. of the 
metabolic activities. In ptirt I of this series of io<lin studies it 
was shown that iodin accelerates metamoi'])liosis in l)()tli normal 
and thyroidless tadpoles. The iodin effect like that of tlie 
thyroid tissue or extract (and indeed iodin seems to l)e^, the 
active principle of the thyroid) is in heightening (‘ataholism. 

In these four experiments there is fairly good evidence for the 
'view that amphibian metamorphosis was due, in part at leasts to 
heightened metabolism of the catabolic type. In a state of 
nature the metamorphosis of frog larvae, is under normal con- 
ditions, effected by none of the experimental agc'ncies itnaiiiomal, 
except iodin. This substance is found in many plants (though 
perhaps accidentally present, as some authors believe); it is 
present in the soil in combination with otlnu’ sul)stances and 
present in the thyroids of most animals. Iodin in sonu; form or 
other may be said to constitute a normal ein'ironmental factor 
of amphibians, a factor which, when considered in cfamection 
with the hereditary factors governing grow th procossc^s in larval 
amphibians, gives a rationale of the factors involvc'd in tin; 
metamorphosis of these animals. 

As pointed put by Morse (T8), it is impossible to l)ring about 
complete metamorphosis in extremely young larvae, wlu‘n jin 
attempt to do so is made by feeding large ((uari titles of thyroid 
or iodin, the animals die. Marked metamorphic clianges ai)poar, 
but death usually supervenes before complete transformation 
takes place. A certain cycle of events must take place before 
metamorphosis, and this normal cycle is in all ])rol)abi]ity dc- 
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termined by the hereditary constitution of the organism. Bufo 
metamorphoses after a few weeks, Rana pipiens requires at 
least twa months; Rana catesbiana is said to require two, three, 
and sometimes four seasons for complete metamorphosis. The 
difference in the time required by these amphibians to meta- 
morphose is very great, and yet at certain stages in their life 
history they may all be found living together in the same pool. 
It is obvious that the hereditary factors controlling the growth 
processes play a very great role in determining the time of 
metamorphosis, and that iodin is simply an initiator of the 
process. 

SUMMARY AND CONCLUSION 

1. The thyroid glands of iodin-fed frog larvae are larger than 
the glands of control animals held at the same body length as 
the animals of the iodin-fed culture by underfeeding. 

2. The follicles of the glands of such iodin-fed Urvae contain 
much greater colloid mass than the follicles of the controls. 

3. * Solutions of iodin will bring about metamorphosis in both 
normal and thyroidless tadpoles in a short time. 

4. Iodin is much more active in accelerating metamorphosis 
than any of its compounds. Next in order of activity are iodo- 
fonn, potassium iodide. Potassium iodate appears to have 
no effect. 

5. The suggestion is made that amphibian metamorphosis is 
a result of the interaction of environmental agencies, such as 
iodin and its compounds, with the hereditary factors controlling 
the growth processes. 
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Resumido por ol autor, Merkel Henry Jacobs. 

La aclimatacion conio factor capaz de afectar el punto en que 
. acaece la inuerte de los organismos soiiietidos a 
temperaturas clevadas 

Si se conoce el tienipo necesario para producir la inuerte de 
las larva.s do ostrella de mar sometidas a una cierta temperatura 
elevada, el liempo necesario para producir el niismo efecto a cual- 
quicr otra temperatura puede determinarse con un grado muy 
aproxiinado de exactitud. En general, el coeficiente de tempera- 
tiira os proximamente 2 para cada elevacidn termica de TC. El co- 
eficientti de temperatura de Paramoecium bajo condiciones seme- 
j antes csta mucho mas sujeto a variacion, pudiendo ser 3 o mas 
algimas veces, en otras ocasiones menos de 2. Durante la .ele- 
vacion gradual de la temperatura en las larvas de estrella de mar, 
se sum an los efectos nocivos de todas las temperaturas por las 
cuales luin pasado durante dicha elevacidn y mueren casi en el 
mismo momento cm que se alcanza el punto en que deben morir 
teoricamente como result^ldo de la suma de todos los efectos noci- 
vos. El punto en que tiene lugar la muerte del animal es tanto 
mas bajo cuanto mas lent a es la elevaci6n de la temperatura. En 
Paramecium, por el contrario, el punto en que el animal muere 
es tanto mas alto cuanto mas lenta es la elevacion de la tempera- 
tura. En esta especie la aclimatacidn modifica las relaciones tan 
simples (pie se presentan en la larva de la estrella de mar. El 
grado de aclimatacmn en una forma determ inada puede estimarse 
cuantitativamente determinando el ^‘exceso de resistencia” '(sur- 
plus resistance) mediante el metodo que el autor describe en el 
trabajo. Medido en terminos de cantidad de efectos nocivos 
neecsarios para producir un resultado fatal, este ^‘exceso de resis- 
tencia” es proximo a cero en las larvas de estrella de mar, mien- 
tras que cn Paramecium llcga a ser 45, Estas eifras dan una 
medida aproximada de la capacidad de adaptacidn a tempera- 
turas mas y mas elevadas en las*dos especies mencionadas. 

Traushtlou by Dr. Jos^ P. XonIdHZ, 

Columbia University, 
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ACCLIMATIZATIOX AS A FACTOR AFl'iCC'l'lXO I'llIC 
LWER THERTAT. DEATH POLN'l'S OF 
ORGANISMS 

M. 1[. JACOBS 

I Kit'crsil ij of Pciiii'iijlnttiin 

1. IXTI{()l)[*rT[()\' 

The question of the cffeets i^u'odueed on or^unisins ])y hi^h 
temperatures is one ^vlue]l luis received the atteuti(ui of biolo^isls 
for many years. The older workers were intereste<l cliiefly in the 
determination of the so-called ‘upper lhenna.1 death })oiutsd 
A resume of their obseiaaitions is ^iveii by Ihw'etiport (;97). In 
more recent times, the importance of die time factor, overlooked 
in this earlier w^ork, has been recognized, and modern investi- 
gators have been more concerned witli ‘tempi'raturo coeflicicnls^ 
(Putter, ’14; Kanitz, ’15) and with the ]iossible causes of injury 
at the elevated temperatures. In most of the recent, and in 
practically all of the older work, however, a factor not sufliciently 
taken into account is the method by which the temperatures used 
in the experiments have been attained. 

There are, in general, three chief ways of bringing an organism 
to a given high temperature. 1) The change may ho practically 
instantaneous, as, for example, if a minute animal in a small 
quantity of water is suddenly expelled from a pipette into a 
large volume of water at , the required temperature. 2) The 
change may be gradual, but uniform,’ as, for, exanqile, if the 
animal is placed in a vessel of Avatcr at room temperalure, 
and heat applied in such a v^y that the rise per minute remains 
constant until the desired point is reached. 3) The cliaiige may 
be gradual, but at a constantly decreasing rate, as, for example, 
if the animal is placed in a test-tube containing wat(>,r at room 
temperature, and the test-tube is then plunged into a large 
•127 



428 


M. H. JACOBS 


vessel of water which is kept at the final temperature. In this 
case, the 'rise is at first rapid, becoming progressively slower and 
slower— being represented, in fact, by the logarithmic curve of 
Newton’s well-known law of cooling bodies/ except that the 
temperature in this case is increasing instead of decreasing. 

Of the three methods mentioned, the third is generally unde- 
sirable, partly because of the greater difTiculty of making allow- 
ance for a constantly changing rate of temperature increase, 
jiartly on account of the difTiculty of determining the exact time 
when the desired temperature has been reached, and chiefly 
because of the great length of exposure (due to the slow rate of 
change as the end point is approached) to temperatures ^vhose 
effects are almost as great as those of the one finally attained. 
Method 1, in exact work, is applicable only to very small organ- 
isms, since any attempt to apply it to large ones results in secur- 
ing essentially the effects of method 8, with the additional disad- 
vantage that on account of the slow conduction of heat, different 
parts of the body reach the final temperature at different times. 
Method 2, therefore, which involves raising the temperature at 
a known rate until the desired point has been reached, is the most 
suitable one for all except very small organisms and has been most 
frequently employed. But in the past very little effort has been 
made to take into account the influence on the final result of the 
rate at which the temperature is raised. That this factor is 
probably of importance is obvious, but to predict in advance in 
what direction and to what extent it will operate is not always 
an easy matter. - 

Suppose, for example, that in a certain experiment a lot of 
organisms are brought in the course of ten minutes from room 
temperature to 40 T. and kept at the latter point until death 
occurs. Would the tiinl? required to cause death at 40® be 
greater, or less, if in aiiotlier similar experiment the preliminary 
rise were allowed to occupy thirty minutes instead of ten? It 
might be argued, on the one hand, that the slower rate would 
be less favorable to the organisms than the rapid one because of 
the greater length of exposure to temperatures .below 40°, but 
still sufliciently high to produce in the aggregate considerable 
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injury before the final temperature liad been attained. The 
possibility exists, however, on the other hand, that the slower 
rate would be more favorable than the ra|fid one in pvater 
opportunity for adjustment or acclimatization to occur. Wliich 
of these two alternatives is the correct one for a ji;iven form can, 
as a matter of fact, be decided only by experiment. 

In the present paper a method is suggestetl for detorminini? 
this point and for dealing quantitatively with (‘ertain other 
aspects of the general problem of acclimatization, 'riie writer 
wishes to express his indebtedness to Prof. V. W. Lillie for kindly 
placing at his disposal on several occasions the facilities of the 
Marine Biological Laboratory at Woods Hole and to Mr. Francis 
H. Adler for assistance in making certain of the observations on 
whith the paper is based. 

2. MATERIAL AND AlT'AKA'ri’S 

In the experiments to be described,^ the use of both methods 1 
and 2 was necessary for the quantitative estimation of the ('.xtent 
to which acclimatization occurs. For this reason, only small 
organisms were employed, starfish larvae eighteen to forty-(ught 
hours old and Paramecium caudatum being the ones chosen. 
The medium in which, they were heated was for the starfish 
larvae fresh sea-water and for Paramecium, in most cases, the 
natural culture fluid filtered to remove all animals. It was 
recognized that the complex nature of the culture fluid might 
introduce undesirable complicating fa(‘tors, init ])reliminary 
experiments showed that, as a matter of fact, distilled water, 
which would naturally have been preferred on account of its 
uniform composition and in which the animals lived normally 
at room temperature for days, was quite unsuitable for sudden 
exposures to high temperatures, the animals dying far more quickly 
in it than in their own culture medium, and the results obtained 
being markedly irregular. That at least part of the effect of the 
distilled water was of an osmotic nature was shown hy the fact 
that the addition to the same water of slight amounts of neutral 
salts or even of cane sugar made it considerably less injurious. It 
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is perhaps possible also that the absence of appreciable amounts 
of 'buffer substances^ may have been another of the factors con- 
cerned, since there is some evidence of the production of abnormal 
amounts of acids at elevated temperatures. At any rate, it was 
found that apparently the most reliable results could be ob- 
tained when normal culture fluid was used, although very similar 
results were also secured in some cases with pond -water when 
the animals had been kept in it for at least twelve hours previous 
to the experiments. 

The apparatus employed was of a simple nature. It consisted 
of a 2-liter beaker, used as a water-bath, supported on a stand 
and heated from below by an alcohol lamp whose position could 
be altered to furnish much or little heat as desired. In the 
beaker were placed a number of test-tubes containing enough 
water or culture fluid to make them float upright. The trans- 
parency of the whole apparatus was found to be of advantage, 
not only in favoring such manipulations of the material as were 
necessary, but in making it possible to observe the visible effects 
of the high temperature on, for example, the movements of the 
animals. 

When a sudden exposure was desired, the water in the water- 
bath and in the test-tubes was first allowed to assume the proper 
temperature, and then a considerable number of the organisms 
were taken in the smallest possible quantity of water in a capillary 
pipette (this being very easy in the case of both of the animals 
used on account of their habit of collecting in a dense ring around 
the edges of the culture jar) and suddenly forced into one of the 
test-tubes in such a way as to insure thorough mixing. The 
quantity of water used was so small as practically not to affect 
the temperature of the water in the test-tube, calculation showing 
that the momentary lowering of its temperature, which was not 
even indicated on an ordinary mercurial thermometer, could not 
have been, as a rule, more than 0.1 °C. After this sudden intro- 
duction to the temperature of the experiment the organisms were 
either all allowed to remain in the test-tube for the required 
length of time and then suddenly poured intp sufficient cool 
water to bring them back immediately to within their normal 
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range of temperature, or they wore remoNocl, a few at a tinu', at 
the proper inteiA'als with a capillary pipette. 

WTiere a gradual rate of temperature increase was desired the 
same general methods were employed execjU that (he animals, 
instead of being introduced suddenly into the test-tubes, were 
placed in them at room temperature and the whole apparatus 
was heated at the desired rate, samid's of tli(‘ animals lu'ing 
removed, usually at half-degree intervals. 'Fhe animals, whetluM' 
•suddenly or gradually exposed, were kept under obs(M-vation 
after removal in Syracuse watch-glass(‘s until tluw had (dlu’r 
died or recovered, which in some cases recjuired as nnud as 
twenty-four hours, although as a rule their behavior wlum lirst 
examined left little doubt as to the ultimate outcome of the 
experiment. 

3. METHOD OF IXlTMAiaXt; AOtMAM A’lTZATIDX 

The extent to which acclimatization occurs during a slow rise 
of temperature may thef)retically he (estimated by lirst finding 
by method 1 (where then' is no opjiort unity for preliminary 
acclimatization to occur) the amount of injury inflict(Ml in unit 
time at the various temperatures passed through during tlu', 
rise, and in them adding together tla'sc^ sepai'ate injinh's, be- 
ginning with the low'est temperatunx and taking into account 
the duration of each, until a total just siiflicient theorelic.ally to 
cause death is arrived at. The point at which this total is 
reached is compared with the ol)seiA'ed death ])oinl in th<' case 
of the gradual rise. If the twx) points iiractically coincide, it 
may be said that there is no evidence of acclimatization. If, on 
the other hand, the observed death point is higher than th(^ 
calculated one, the presumption is that acclimatization has 
occurred and the amount of the latter can b(‘ estimated, roughly 
at least, in quantitative form. It must be rememb('r(‘d, of 
course, that the calculated death point cannot be (letjumined by 
merely adding the theoretical amounts of injury at, lor exami)le, 
34°, 35°, 36°, etc., since the rise does not ivoceed by a series of 
sudden jumps, but continuously. Since, howa'ver, the n'latiou of 
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the amount of injury inflicted in unit time at any one tempera- 
ture to that inflicted in the same time at any other temperature 
is, for a certain range, in the forms studied, governed by a simple 
mathematical law, it is possible by making observations at a 
few selected temperatures, and thus determining the necessary 
constants, to calculate the theoretical effect of a continuous 
change of temperature at any desired rate. The details of the 
method will be made clearer in the following sections where the 
actual experiments are discussed. 

4. EXPERIMENTS ON STARFISH LARVAE 

Since the results obtained with starfish larvae are simpler than 
those with Paramecium, they may be considered first. In 
table 1 are given the lengths of exposure found to cause death 
when the animals were suddenly subjected by method 1 to the 
temperatures in question. The fatal exposure in each case is 


TABLE 1 

Twies required to kill approximaiebj one-half of the individuals of starfish larvae 
when suddenly subjected to various temperatures 



16, 18 HOUB3 OLD. ^ 

j JUNE 21, 48 HOURS OLD 

j JUNE 22, 24 HOUilS OLD j 

JUNE 23, 
24HOUHSOLD r 

S > 1 
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H 

Fatal exposure 

Qi 

Fatal exposure 

Qi 

FatM exposure 

Q> 

Fatal exposure 

iag.C. 

40 

S seconds 

1,9 

10 seconds 
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:i9 

15 seconds 
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23 seconds 
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1.7 
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1.5 
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05 seconds 
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35 

2.75 minutes 
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3.5 minutes 

2,3 

4 minutes j 
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2.5 minutes 

34 

7 minutes 
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8 minutes 


8 minutes 

2.5 


33 

1 15 minutes 




20 minutes i 

1 

2,3 

13 minutes 

32 
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1 
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taken soni^what arbitrarily, * as the time required to produce 
injuries from which approximately half of the iiulividuaU failed 
to recover. The actual death of the animals, accordiii^r to the 
temperatures employed, may occur in from a few miimtes to 
twenty-four hours or more after restoration to normal conditions. 
Undoubtedly such differences are in certain respects significant, 
but for purposes of immediate comparison they may be disn^- 
garded and the degree of injury which is just sullicicnt ultimately 
to lead to death, regardless of the time required, may l)e ac(*opted 
as the most satisfactory available criterion. It may l)(‘ mentioned 
that the starfish gastrulae obtained from a single lot of (‘ggs 
show little individual variation; the fatal exposure is \’ei‘y nearly 
the same for all. In this respect they dilTer from Paramocium 
in Avhich the individual differences are large. 

It will be noticed in table 1 that the time ro([uirod to produce 
fatal injury at any teinperatiire ])ears a fairly d(‘finit(^ delation 
to the time required at otlicr temperatures, dims, at l-U, for 
example, about twice as long a time is re(|uirod as at 15° and 
about one-half as long a time as at IhU. l'ix|)i'essed in mathe- 
matical symbols, 



where Jj denotes the length of life, 0 the temperature, and Qi 
the temperature coefficient for a* change of one degree. \'alues 
of Qi arc given in alternate columns of table 1. The gemral 
average of all of the values of Qi is 2. 1. lids value agrees elosely 
withgthat found, for example, by Loeb (’08} for the eggs of 
Strongylocentrotus and Moore (TO) for Tubularia cro(‘ea. 

These results may also be stated in another Torm (table 2). 
The amount of injury (U) inflicted at the temperatur(i 9 by an 
exposure of unit time (one minute) can be expressed in cjuantl- 
tative form by taking as unity the amount of injury just 
sufficient to produce death. _ Thus at 38°, in the series seleetod 
for table 2, where an exposure of twenty-three seconds is necessary 
to cause death, l 38 == 2 . 6 ; in the same way l3r=0.14; and the 
other values are given in column 2 of table 2. The mathematical 
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TABLB 2 


Tkeoredcul itittouniH 0 / iitjury inflided on darjl'ih larvae ai various temperalnres. 
The fatal exposures ore taken from column 1 of table 1 


TKMPEliiTI'ItE j 

TOTAE ExrOSL'HE 

INJL'Sy IN' VNIT TIME 

deg. C. 

scc-jnds 



8 

7,5 

3!) 

1,3 i 

4.0 

.38 

23 

2.6 

37 

,30 

1.2 

.30 

7-3 

oo 

o 

3.3 

105 

0.36 

34 

1 420 

0.14 

33 

900 

1 

0.07 


relation that exists between the amounts of injury inflicted in 
unit time at different temperatures is 

Ip = IoQf 

where To is the amount of injury inflicted at the temperature 
chosen as the standard for comparison, and Ip the amount 
inflicted at any other temperature separated from the first one 
by p degrees. If the second temperaiture is lower than the 
first, p, of course, has a negative sign. ‘Of the two constants in 
the above expression, Qi may in general be taken for starfish 
larvae with sufficient accuracy as equal approximately to 2, 
and lo may be determiiied experinientally for a given lot of 
organisms for any convenient temperature, preferably a rather 
low one, as the percentage of error is then less. Having these 
two constants, it is possible to calculate not only the amoJlnt of 
injury that would be inflicted by an exposure of any length to 
any temperature to which the above equation applies, but like- 
wise the amount of injury that ought theoretically to be in- 
flicted during a gradual rise from room temperature to any 
desired temperature. In the latter ease, the amount of injury 
would be represented graphically by the area of the curve: 


y = aQl 
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between the limits x = - b (room tcm])emtiir{*] and \ ~ \) Uhe 
highest temperature attained) ’, b and ]), of (‘ours(\ laing measured 
from the temperature selected as the } joint of comparison. 'Phe 
coastant a is the amount of injury, la, inflicted in unit lime at 
this temperature. The area of the curve, whwh n'preseiits 
the total injury, I, therefore is: 


A = I^ 


■j'>> 


dx^ 


Ql. 

loft.Qi 


1or.qV 


Since b (the number of degrees the room tianperatun' lies below 
the temperature chosen for comparison) is relatively larg(\ the 
second half of the expression within the panaitheses hecona's 
negligibly small and may be disregarded. This is (Mjuivahait to 
calculating the injury that would be inllicted in a rise from an 
infinitely low’ temperature instead of from room tcMUfX'rature, 
but this amounts to ]iractically the same tiling, siiice evini 
considerably above room temperature the injuiy infli^ded in 
any ordinary time has ceased to be appreciable. 

If instead of raising the temperature at the rate of one degrees 
per minute as implied in the calculation just given, the rate had 
been slower, say one degree in t minutes, the right-hand side of 
the equation would have to be multiplied by t. Th(‘ general 
expression therefore for the area, A, which roprcs^aits th(‘ total 
injury, I, inflicted up to the temperature p° wIh'u the rat(^ of 
rise is one degree in t minutes becomes (when a is replaced by 
its equivalent I y) : 


I=tl,. 


log,.Qi 


In the case of starfish larvae where Qi is equal to approximately 
2.0 and logc Qi therefore to approximately 0.7 w<‘ havi^ finally: 


In case it is desired to know' how' high th(i temj)ei‘ature would 
have to be raised to inflict just fatal injury, it is only necessary 
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to substitute for I the numerical vale LO and solve the equation 
for p. Tn such cases (taking logic 0.3) 



The results of applying this method to a gradual and regular 
rate of temperature increase in the case of starfish larvae are 
shown in table 3. In the first column is given the rate at which 
the temperature was raised, in the second the observed death 
point, and in the third the point at which death ought theo- 
retically to have occurred (i.e., the point at which the area 
enclosed by the curve becomes unity) when the value of the 
constant, Qi, was taken as equal to 2 (this value holding approxi- 
mately for all of the starfish larvae studied). The value of lo, 
which varies^somewhat for different lots of larvae according to 
age, etc., was determined especially for the animals used in these 
experiments, and was found to be 0.05 at the temperature 
(33°C.) chosen for comparison. 

It must be recognized, of course, that for the portion of the 
curve between room temperature and 32°, no exact observations 
are available, and it is uncertain to Avhat extent the above equation 
applies to it. ■ But the area of this portion of the curve is in any 
case so small as compared with that above 32° that the final 
result would be little affected even if a different relation were 


TABLE 3 

Temperatwes al which death of starfish larvae occurred after varying rates of ^m- 
peraiure increase from a starting point of approumaielij 20°C, 


BATE OP TEMPERATL’tiB 
INCREASE IN 
DEGREES PER MINCTE 

OESEBVED DEATH TEMPERATURE 

theorbti- 

CAl DEATH ' 
TEMPERA- , 
TORE 

calculated 

FROM 

.Qi = 2.0 ; 

THEORETI- 
CAL DE.iTH 
TEMPEBA- 
TOHB 

CALCUl.ATED 

PBOM 

Qi = 2.2 

1®C. in 1,8 minutes 

Al)out nn e-third dead at Sfi.O® 

36.0° 

35.8° 

rO. in 4 minutes 

* 35.0“ 

34.8° . i 

34,8° 

rC. in 5 minutes 

34,0° 

34.5° I 

34.5“ 

1®C. in 8 minutes 

All living at 33.5°, all dead at 34.0° 

33.8° ' 

33.9° 
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•shown to hold in this region. It may also be noticed that for the 
region from 32"^ to the point of death in these jiarticular exjieri- 
ments^ the value of Qi is in general higher than 2.0. the aj)prox- 
imatp average value for the whole range of temperature studieit. 
In the last column of table 3, the theoretical death temperature 
is therefore calculated for comparison from the ^'ahle. (b=2.2. ’ 
It will be noticed that in either case tlie calculated death tem- 
perature lies within a few tenths of a degree of tliat actually 
observed, and the amount of acclimat^ation tliat has occui'red, 
if any, is consequently extremely small. In similar experiments 
on Paramecium, immediately to be described, the ditTerunee may 
amount to several degrees. 

5. EXPERIMENTS OX PAltAMEClUM CArDATPM 

In the case of Paramecium, the results are more complicated. 
In the first place, there is consideral)ly more cultural and racial 
variation in the length of life at any given tcmpcu'ature (de- 
termined by method 1) than in the case of stiirfish larvae where 
the results, on the whole, seem to be remarkably uniform. This 
is shown in table 4 where some of the results obtained with tins 
form are summarized. 

The figures in columns 6 and 7 and probably in r'oUunn 1 are 
for the three-vacuoled race described by Hance (To, T7), which 
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in these, as well as in other experiments, has shown itself to be 
remarkably resistant to high temperatures as compared with the 
ordinary -races. In the second place, the temperature coeffi- 
cient, (Ji, in' a given set of experiments is subject to far more 
variation than in the case of starfish larvae, being as a mle much 
• higher (usually approximately 3) in the region above 40® than in 
.that below this temperature, and being subject at all times to 
considerable and sometimes inexplicable fluctuations. For this 
reason, calculations mad^ by the method described are not so 
exact as in the case of the starfish larvae, but fortunately this is 
not necessary since Paramecium shows such a high degree of 
acclimatization that the error due to the simplifying assumption 
that the value, Qi=3, applies to all temperatures is not able to 
disguise this fact. In other words, the error that arises from 
taking this value of Qi for the entire range, while, as a matter 
of fact, it is considerably less at lower temperatures, is of such 
a nature as simply to make the difference between the calculated 
and observed death points less striking than it would otherwise 
have been. If acclimatization is shown when such a simplifying 
assumption is made, it would a fortiori be indicated if more 
exact calculations had been made. 

This point will be made clearer by an actual example. It was 
found in one set of experiments that for the three-vacuoled race, 
Qi between 40° and 48° was equal to almost exactly 3.0. The 
length of life after a sudden exposure to 41° was found to be 4.5 
minutes, i.c., lo (taking this temperature as the standard of 
comparison) was equal to 0,22. It was also found that when 
the animals were heated gradually, at the rate of 1° in jight 
minutes, the observed death point was very close to 44°. The 
calculated death point, on the assumption that Qi is equal to 3.0 
for all temperatures is approximately 40.6°, a difference of 3.4°, 
indicating a very considerable amount of acclimatization. If 
instead of assuming that below 40° the injury at any temperature 
in unit time is only onc-third as great as that at the temperature 
one degree higher (as implied by the value, Qi -3), ^ve had taken ' 
into account the lower values of the temperature coefficient 
which usually apply to this region, it is clear that the amount of 
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injury inflicted at the tciuporaturos below would not drop 
off so rapidly, or, in other words, that the aniiuals would be 
more injured during their gradual rise liy the time llu'v had 
reached 40°, and that eonseciuently the ealeulated di'ath tcaii- 
perature w'ould be even lower than before. Ihit this would only 
make stronger the.evidence of aeelimatizatiou already obtained 
by the rough calculation. 

It is of some interest not merely to show that aeclimatization 
occurs, but to attempt to express its extent in (^ualllitati^■e form. 
This can be done in an ap])roximate fashion l)y calculating the 
area enclosed by the given curve u]i to 0 = 11° and conpiaring 
this area with that which represents unit injury, i.e., deal In 
Such results, of course, arc only rough apj)ro\imalions, hut have 
nevertheless a considerable interest. Using the formula already 
given: 


the area in the case just mentioned pro\-os to be 44 units of 
injury. In other words, before death occurred, during the 
gradual rise, the animals hatl withstood about forty-four times 
the usual fatal injury. It is suggested that in this and iu similar 
cases the excess in area enclosed liy the vmvo of injury, up to 
the point of death, over the area, (takim as unity) which n^pnv 
sents an amount of injury just fatal when the change' is suddem, 
may be called the surplus resistance, and be used as a, rough 
quantitative measure of the extent of acelimatization. In this 
case the surplus resistance is equal to 4)k dlu' animals have', in 
other words, added to their normal li\TS, se) lo spenk, forty- 
three additional lives by their ability to adjust themselvc's* to 
the changing environment. 

The favorable effect of a slow as compared with a rajiid rise 
of temperature on Paramecium is shown }>y anothc'r exporimeait 
in which method 3 was comliined with metheid 2. In this case, 
a tube of very small caliber (3 mm.) with (‘xtrcnu'ly thin walls 
was prepared by drawing out the lower ]:)orti()i] of a thin- walk'd 
test-tube in a flame to a considerable length and sealing the small 
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end. Drops of water containing Parameci\*m could be placed in 
itj’aiid removed with a capillary pipette. It was found by the 
insertion of a thermocouple in such a drop of water and another 
in a vessel of water at 41*^0. into which the tube was plunged, 
that the water in the tul)e reached approximately the tempera- 
ture of that in the surrounding vessel in about twenty seconds. 
This fact being known, a number of aflimals were placed in it 
and plunged into water at 41° for two minutes and twenty 
seconds (giving therefore an exposure of two minutes at 41°). 
On removal, it was found that all were fatally injured. Another 
lot were placed in the same tube, but they were brought at a 
uniform rate from room temperature to 41 ° in two minutes and 
then kept at exactly 41° for two minutes longer. In this case 
about one-quarter of the individuals recovered. A third lot 
were treated in the same way except that in this case the rise 
to 41° occupied twelve minutes. About one-half of these animals 
recovered. Doubtless a slower increase of temperature would 
have given even a higher percentage of recoveries. With starfish 
larvae, it may be mentioned, that experiments made in the 
same manner showed in every case exactly the reverse effect, 
i.e., the slower the rate of temperature increase, the higher 
, the’ mortality. 

A considerable number of other experiments were tried with 
Paramecium with the same general results as those mentioned. 
The degree to which a slow change increased the final resistance 
varied considerably* with different races and under different ex- 
pcrimental conditions, but in all cases it was very appreciable. 
It is apparent, therefore, that in the case of this organism, at 
least, the upper thermal death points that will be obtained in 
different experiments by the methods usually employed may be 
expected to be subject to considerable variations, which in many 
cases will be difficult to predict. To what extent the same prin- 
ciple will be found to apply in the case of other organisms can be 
determined only by further observations. In any event, however, 
the author believes that to be of value, data on the upper thermal 
death points of organisms must include not only the length of 
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exposure to the par|icular fatal toniperature under considera- 
tion, but in addition, an exact statement of the manner in which 
this temperature was reached. 


SUMMARY 


1. The length of life of starfish larvae eig]U('en to forty-eight 
hours old at temperatifres between 32° and 10°(\ is govta-m'd 
with a very fair degree of accuracy by the relation: 




= Qi = approximately 2. 


For Paramecium, the value of Qi is subject to considerably more 
variation; above 40°C. it is frequently in the vicinity of 3; 
below 40° often less than 2. 

2. Knowing the above relation and the length of life after a 
sudden exposure to one or more selected temperatures, it is 
possible to calculate by the method given in the body of the 
paper the point at which death ought theoretically to occur 
when the temperature is raised uniformly at any given rate. ]3y 
comparing this point with the observed death ])oint under the 
same conditions, it can usually be detennined whether or not 
^climatization has occurred. 

3. With the different rates of temperature increase employed 
in these experiments the observed death poijits of starfish larvae 
agree very closely with the calculated ones, indicating prac- 
tically no acclimatization. With Paramecium caudatum the 
observed death point may be much higher than the calculated 
one, indicating that acclimatization occurs even in experiments 
of short duration. 

4. If desired, the ^surplus resistance’ in a given experiment 
may be obtained in quantitative form by determining the excess 
in area enclosed by the curve of injury up to the point of death, 
over the area (taken as unity) which represents an amount of 
injury just fatal when the temperature is changed smklcnly.* 

5. As determined in this way, the 'surplus resistance’ for star- 
fish larvae for a number of different rates of increase of tempera- 
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ture was found to be in the vicinity of zero. For Paramecium 
caiidatum, on the other hand, a ^surplus resistance’ as high as 
43 has been found. 

(). In general, the slower rates of temperature increase are 
mor(i favorable for Paramecium and more unfavorable for 
starfish larvae than the more rapid ones. 

7. It is suggested that future data on upper thermal death 
points, etc., shall include not only the times of exposure to the 
temperatures in question, but exact statements as to the methods 
b}^ which these temperatures have been reached. 
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Resumido por el autor, G. M. White. 

La asociaci6n y distincion de los colorcs por los peces Umbra 
limi y Eucalia inconstans. 

Los peces dc agua dulce Umbra limi y Eucalia inconstans 
fueron ensenados a asociar lo^s alimentos con un eierto color y 
al misino tleinpo a asociar substancias irisipidas, tales como el 
papelj con otro color. Los individuos de Umbra distinguian 
entre si las siguientes luces monocromaticas; roja y verde, roja 
y azul, amarilla y verde. La variacion de intensidad de las 
luces roja y verde desde 1.4 cm. hasta 4.9 cm. no impide la 
distincion del color por parte de los peces, indicando esto que 
su reacci6n eii tales circuiistancias se debe mas bien al color de 
la luz que a su intensidad. Mientras que los individuos de 
Eucalia distinguian entre las luces roja y verde, asociandolas 
con el alimento y cl papel, nunca pudieron aprender a diferen- 
ciar el azul del amarillo. Ambas clases de peces fueron tambien 
sometidos a la accidn de la luz transmitida a traves de placas 
fotograficas veladas con diferentes tonos de gris, para probar si 
podian asociar con ellas los alimentos y substancias insipidas, 
conforme habian hecho con las luces de otros colores. Tal 
asociacion no se llev6 a cabo, lo cual prueba aim mejor que la 
distincion de los colores por parte de estos animales se debe 
mas bien a sus longitudes de onda que a su intensidad. Los ex- 
perimentos cfectuados con ambos peces para comprobar si 
piieden percibir diversos dibiijos dieron tan sofc resultados 
negativos, indicando esto que su distincidn asi como la de las 
diferencias en los fondos no son de gran importancia en la busca 
del alimento. La percepcion del color y la del movimiento 
parecen ser dc la mayor *importancia para este fin. 

Translation by ])r. Jos^ F. Nojiidez 
Columbia University 
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The behavior of fishes has been a subject of special interest to 
a large number of scientific investigators. While observations 
have been made upon a number of species, insuffipient evidence 
has thus far been brought together to furnish a basis for the 
comparison of various aspects of the psychology of fishes with 
those of othef vertebrates. Tn connection witll this general 
problem, a series of experiments on the behavior of the mud* 
miimow, Umbra limi (Kirt^and), and the stickleback, Eucalia 
inconstans (Kirtland),- were undertaken to determine their 
ability to form asvsociations and to discriminate colors and pat- 
terns. These experiments were performed in the Zoological 
laboratories of th(^ University of Wisconsin. The problem was 
suggested by Prof. A. 8. Peai’se, from whom valuable criticism 
and assistance were received. 

REVIEW OF THE LITERATURE ON THE BEHAVIOR OF FISHES 

The gustatory and olfactory senses of fishes have been studied 
l^y Parker, Copeland, and Herrick. Herrick (^03) concludes 
that the bullhead, the shiner, and the spotted sucker perceive 
their food through gustatory sense organs. They detect food 
from a distance and exhibit a ' seeking reaction . ' The gadoid fishes 
(pollock, hake, tomcod) arc stimulated to take food by the gus- 
tatory sense, which is located on the fins as well 'as about the 
mouth. The tactile sense is also used in finding food, combined 
with the gustatory' sense in these gadoid fishes. Parker (TO, Tl, 
T2, T3) shows that a true sense of sm.ell, distinct from taste, 
exists in the bullhead, the dogfish, and the killifish. He defines 
smell in water as the perception of very dilute substances ema- 
nating from a distance; taste as the perception of ‘substances 
near at hand and present in comparatively large amount. Cope- 
land (T2) shows that the puffer possesses a sense of smell by 
which it is able to discover hidden food. 

That fishes are able to hear is a tradition universally accepted 
by fishermen. Yet Bateson (’89-90) asserts that fishes are not. 
desturbed by sounds made in the air, and that on the whole shocks 
and concussions do not play much part in the activities of fishes. 
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•Parker {’03 ’08/10, 11) believes tliat certain sounds of low 
vibration, like the discharge of’a gun, are heard and tiiat the 
sacculus IS the chief organ of hearing. 

According to Parker (;04), the lateral line organs are giaieti- 
cally related to the ear, and arc not stimulated by light, lucat 
salinity of the surrounding water, food, carbon dir>xid<\ oxygen! 
foulness of the water, currents, or sound, but by ^•il)ratl:)ns of 
low frequency-about six per secofid. Since these organs aiipi^ar 
to be affected by such stimuli as disturbaiKas eauscal by winds 
and by bodies falling into the water, they may bo of signitieanee 
in orientation, but take no more part in eciuilibiation than the 
skin, and are less important in this eoniiectioii than the eye and 
ear. 

The sense of touch is well developed in fishes. Ikitoson (’SD- 
’90) states that the sole appears to use this sons(‘ in discovering 
its food. Herrick (’03) finds that the gadoid fishes whiidi lu* 
observed detect their food by means, of the tactile sense com- 
bined with gustatory. 

Shelford and All^e (13, 14) made ehihorate experiments 
showing that fishes may react in various ways to gradieiits of 
dissolved gases, but no study was made of the sense organs con- 
cerned^. The resistance of fishes to differeni concentrations of 
oxygen and carbon dioxide is discussed by Wells (’15). 

In a delicate and ingenious series of experiments, Lyon ('01) 
proved that the reaction to current in the killifish,.the scrip, the 
stickleback, and the butterfish is an optical reflex - as the fish is 
carried down stream by current, the bottom of the stream ap 
pears to move in the opposite direction; the fish has a temldicy 
.to follow its passing field of vision, and consecniontly swims 
against the current. 

Experiments to show that goldfish and Fimdulus cun find 
their way through mazes are reported by C'hurchhill flfij and 
Thorndike (’ll), respectively. 

Eigenmann (’00) shows that the integumentary neiw'es of the 
blind fishes, Chologaster and Amblyopis, are sensitive to light. 
According to Parker (’05, ’09), the same is true of ammocoetes; 
but no salt-water fishes which he observed possessed such |)hoto- 
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receptors on the skin. Tschermak (’15) gives a, good survey of® 
vision in fishes, in which he discusses conditions of vision in 
water, the absorption of light by water, the formation of an im- 
age in the fish eye, accommodation, and bifocal vision. 

UTSRATVTffi COLOR YISHES 

The question of color perception in fishes has been a matter 
of considerable dispute and evidence concerning it has been 
accumulated from various sources. 

Adapialion to background by the pig7nent cells of the skin. The 
expansion and contraction of pignmnt celts in such a way as to 
conform the color and pattern' of the skin to the background 
against which the animal rests have been observed in many 
fishes. Tf such changes in the pigment cells are brought about 
by stimulation received through the eyes and central nervous 
system, they may serve as evidence of color vision. Lowe (T7) , 
states that the cells of the brook-trout begin to react to back- 
ground after the yolk-sac is absorbed. When the trout arc 
placed in a dark dish, the pigment cells expand, making the fishes 
appear dark ; but when the fishes are in a light dish, the cells are 
contracted, giving the skin a pale appearance. 

Frisch (’12, ’14) finds that Crenilabrus roissali changes in 
color when subjected to red, green, and blue, light. Adaptation 
to green and blue light is by means of the contraction of the 
pigment cells and also by an increase of the blue-green coloring 
matter. He argues that the adaptation is to color rather than 
to luminosity, for if the colors used are arranged as they would 
appear according to their intensity to a color-blind person- 
yellow, green, blue, red— the fish is reacting to the brightest by con- 
traction and to the darkest by expansion. This is contrary to 
all other experiments on the reaction of pigment cells. Frisch 
also finds that Phoxinus laevis adapts itself to green, blue, and 
violet by the contraction of its pigment cells which produces a 
lighter color, and to red and yellow by expansion of the red and 
yellow pigment cells; the color patterns remaining unchanged 
for months under constant stimulation. The color markings 
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• of the skin conform to the general background ratlier flian to 
some particular part. In males the reactions are more pro- 
nounced than in females. Frisch concludes that the stimulus 
is received tjirough the eye, since blinded fishes show no adap- 
tive changes. 

' Sumner (11) states that the skin of the llattishes, Uhom- 
boidichthys podas, Phombas laevis, and Lo])ho])setta maculata, 
shows adaptation in pattern, shade, and color, 'riioy nwvi to 
black, brown, and gray, but not to red and y(41ow. Such 
changes take place irrespective of the intensity of illumination. 

Mast (14) finds that the llounders, Paralu'hthysand .\ncylop- 
setta, simulate their background in shade, cokw, and patt(‘rn, 
exhibiting a remarkable ability to mimic blue, greiai, y(41ow, 
orange, pink, and jirown liackgrounds. Prodiudion of color 
changes is regulated by stimulation througli tiu' oyv and de- 
pends upon the length of the light waves, lhat (iiis imiicat(‘s 
color vision is supported }.)y the fact that flomuka’s adaph’d to 
blue and green, wdien allowed a choici^ of backgi'ounds of difTen'nt 
colors, prefer the background with which they harmonize in 
shade and color. 

In his observations on coral-reef tislies, Longhw (’14, 15, ’17) 
finds that color changes in the ])ignientatio]i of the skin arc com- 
mon among even the most brightly tinted fishi's, and fliat tlu^ 
colors have a tendency to resemble those of the surroundings. 

In general, these observations sc'cin to indicate that lislu'.s of 
various genera exhibit adaptive reactions in Iheir jiignuait cells 
to backgrounds of various colors, that tlie sliniulus is received 
by the eye and transmit t(’d througli the central nervous system. 

Mating colors, Hright colors, particulai'ly hmIs and yellows, 
appear on (he ventral side of the males of many sjiecies at the 
time of spawning. The aniount ot light at the jilace of spawning 
must be sufficient for thi^ female to p(Tcei\'e f hi^ colors if they 
have any recognition value, brisch (12) cites (‘xamples of 
fishes possessing such colors and spawning in shallow wab'r by 
day light and also of fishes spawning in deep vatiu' oral night 
which do not exhibit decorative coloration. 
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Warning coloration. There seems to be no valjd case of warn-’ 
ing c(|Joration in any animal fed upon by fishes. Reighard 
' (T8) tried to discover whether the conspicuousness of coral-reef 
fishes might not have this significance. He found that the gray 
snapper could be taught to avoid* snapping at red fishes when 
they were treated so as to be unpalatable, but that when non^ 
were artificially treated the gray snapper devoured all species 
of coral-reef fishes with the same avidity. Longly ('17) rejects 
the hypothesis of warning coloration as accounting for the bright 
colors of coral-reef fishes. 

Choice of colored lights and backgrounds. The method has’ 
been tried of illuminating different parts of an aquarium con- 
taining fishes with , lights of different colors, or of placing va- 
. riously colored papers or glasses under or aj-ounfl the aquarium. 
The fishes are alloAved to choose the part of the tank they prefer. 
The chief difficulty with this type of experiment is that unless 
spectral light is used the colors are not pure, and it is extremely 
•difficult to obtain lights of various wave-lengths which have the 
:same‘ luminosity. Pigmented papers have not been made 
which will reflect light of a single color. 

The first experiments relating to color discrimination were 
performed by Graber ('84), who used glass slides of different 
colors. Such screens were not ‘pure,' but allowed light of va- 
rious wave-lengths to pass through. Although the fishes Cob- 
itus barbatula and Albumus spec, showed decided preferences 
for red, there is little to indicate that the choice was necessarily 
due to the length of the fight waves. 

Bauer (TO) reports a difference between light ,and dark 
adapted fishes. Light adapted Charax puntazzo and Atherina 
' hepsetus avoided a fight shining through a red filter 680g to 710g, 
but when ^dark adapted' these fishes prefered red to blue, which 
Bader considered to be of the same intensity. These observa- 
tions were interpreted to mean that fishes are able to recognize 
■colors, but that when they are ^dark adapted’ color perception 
of the red end of the spectrum ceases much soonerThan for nor- 
mal human eyes. 
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Goldsmith (’12) arranged aquaria with colored bottoms. 
Young plaice preferred red to any other vohr ami cani| to ivst 
there, while gobies avoided red, refusing to gi) throng a r(‘d 
passageway until it had been sanded, Red. yidlow, gnaa). and 
blue were chosen in order by Gasterosteus. • This author thinks 
♦ that her results show a color sense, but the ])ossibility that the 
fishes were reacting to brightness does not siann to (‘limiuated. 

Feeding experiments. In such experiments a motive is intro- 
duced. Discrimination on the part of the tisli is indicattal by 
an attejnpt to take food. 

Zolotnitzky (’01) placed |)ieces of wool of differont colors 
having the shape and size of chironomid larvae on the wall of 
an aquarium containing Macropodes. The fish snapfxal ofti'ii 
at the red wool, less frequently at the yello^^’, and left the other 
colors untouched. 

Frisch (T4) placed bits of food on colored pa])er of various 
shades. Fishes that had been accustomed to eat yellow food 
snapped at it in preference to other colors and rM food was 
taken by fishes trained to cat red. Red food was takiai on a 
black background, but black food w'as not taken from a black 
surface nor gray from a gray backgrounil. R<m 1 and yellow 
w^ere often confused with each other and with purplish red; but 
not with gray, green, or blue. 

Minkiewicz (T2) taught a Julis vulgaris to seek food dro])ped 
into the tank through a blue tube and at the same lime to dis- 
regard a piece of thread dropped in through a yellow tube. 

- Goldsmith (’12) reports that plaice and gol)i('s learned to tak(‘ 
food from colored forceps thrust into the water, and later chos(‘ 
the color wRich had been associated with food even when tin* 
relative position of the forceps was changed. The fishes per- 
sisted in examining the same forceps after an interval of four 
days even when no food was present. 

Washburn and Bently (’06) w'ere able to establish an associ- 
ation involving*' color’ discrimination in the crock club. This 
fish was fed from forceps to which red sticks^ were attached. 
When a similar pair of forceps attached to green sticks was offered 
simultaneously, the fish preferred the red forceps, even when 
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neither fork contained food. The probability that the di&’ 
crimination was based upon himinosity was said to be lessened 
by using a much lighter red in some of the tests. Blue forceps 
were distinguished from red in the same way. Food was later 
placed in the green forceps^ arid the fish learned to go to the 
green first. 

According to Reighard ('08), the gray snapper can distinguish 
colors. White Atherinas were taken in preference to those 
that had been stained blue. Though blue, light green, and dark 
green Atherinas were taken indiscriminately, red Atherinas 
were snapped at least often. Red Atherinas with the tentacles 
of the medusa, Cassiopea xamachana, sewed into their mouths, 
were refused, and very soon all red Atherinas were refused 
whether tentacled or not. This association of unpalatability 
with red lasted without any further practice from July 19 to 
August 8. 

The feeding experiments taken as a whole offer strong evi- 
dence of a. color sense in the fishes observed. The same criticism 
may be made of all of them, however; pure colors were not 
used, and the possibility exists that {he fishes were reacting to 
brightness. 

Hess ('09, '12, T3) is the chief opponent of color vision in 
fishes, maintaining that fishes see colors only as shades of gray— 
as a totally color-blind person perceives them. He offers the 
following reasons for this view’ : 

In spectral light young Atherina hepsetus and young Squalus 
cephalus congregated in the yellow’-green and green, i.e., in the 
brightest part of tlie spectrum of the dark adapted totally color- 
blind human eye. Some were found in the green-blue, very few 
in the red. By moving a black card along the spectrum and 
intercepting certain rays, the fishes could be driven into the 
blue or even into the violet, though they ahvays returned when 
the card was removed. The longer light w’aves in the red pro- 
duced no more effect upon the fishes than complete darkness. 
The luminosity values of different parts of the spectrum were 
worked out. This w^as done by lighting one-half of the tank 
with monochromatic light and the other with equivalent mixed 
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' light which could be varied in intensity. 'W'hon the (ishes were 
arranged evenly in both parts of the tank, Hess eonsiilered that 
the two lights were equally bright, lly measuring the iiitensily. 
of white lights which hud the same effect on the tislies as various 
colored lights, he obtained a luminosity ciu’ve which agretal very 
well with that of the totally color-blind Iniinan (\v(‘. 

Hess offered the fishes imitation l)aits of various ctdors on 
different backgrounds. If the brightness of (he ])ait corre- 
sponded with that of the background, it was not taken. 

Contrary to the observations of Friseli, Hess found jio adap- 
tation to brightness in tln‘ ])igm(Mit (m^IIs of tin* (^pitlu'linm of 
Crenilabrus. 

For fishes living any distance below tln^ surface, Ibss insists 
that a color sense would be useless larausi' of llu' increasing 
absorption of light by the water as greater de])lb is laaiched, 
particularly the longer waves. Henei' mating (‘olors ar(' \ ;dn(‘- 
less. Hess admits the possibility, howcwer, that lislu's living- 
in shallow water may possess the ability to discriminate colors. 

Hess also attempts to account for the I'eaetions of Daplmia 
and some other animals b^ assuming that (law reind to tlie lumi- 
nosity of the spectmm as it appears to tin' color-blind human 
eye. Loeb and Wasteneys (Ho) criticise tliis assumption on tln‘ 
ground that there is no proof that tlu^ iH'liotrojue ('ITects of 
light in lower animals are accoiujoanual or detei-miued by scan 
sations of brightness, and. furtliennore, tlnit color-blind human 
beings do not show any positi\'e helioti’opism. Hess’ furtlicr 
contention that animals and plants are sensitive to dilhaaait 

parts of the spectrum- all animals to tlu* yellowish-green, and 

all plants to the blue— is shown to be ineorruct. 

From the sources discussed consi(leral)le evid(‘nc(‘ has luaai 
accumulated to show that fishes ])erceiv(‘ colors. .Vdaplivc* 
changes in the pigmenf cells of tlie skin of vtirioiis s])eci(‘s in re- 
lation to backgrounds of different (udors have been obsei‘\ed, 
and when allovW a choice, fishes show prebaTinas for back- 
grounds of particular colors. Mating colors may furnisli further 
evidence of color discrimination. Thus far theiT, s(;ems to be 
no valid case of warning coloration in animals serving as food 
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for fishes. The results of ^ feeding experiments are strongly in- 
dieati\'e of a color sense. On the other hand, Hess contends 
that fishes see colors as shades of gray, as a totally color-blind 
human being perceives them. 

CONDITIONS OF EXPERLMENTATION 

The mudminnows and sticklebacks used in the experiments 
to be described in this paper were obtained from Lake Wingra 
and Lake Mendota, near Madison, ^Wisconsin. They were not 
kept in running water, since it was found that they thrived 
equally well without it, provided the water was changed from 
one to three times a week. City water was used because it is 
drawn from an artesian well and contains few organisms inju- 
rious to fishes. Individuals were kept in separate jars and care- 
fully observed, as many experiments as possible being per- 
formed upon each fish. One mudrhinnow which is still alive has 
been under observation over three years. 

When first introduced into aquaria the fishes were left undis- 
turbed for something like a week, except for changing the water. 
They commonly refused to eat during this period d adjustment; 
usually some died at first, but thereafter few were lost. By the 
end of a week the survivors were likely to be hungry and suffi- 
ciently accustomed to the presence of persons in the room to eat 
bits of food dropped into the water. Shortly Mter this they 
could generally be induced to take food at the surface, and after 
several days to jump out of the water for food. It was neces- 
sary to estimate carefully the amount of food to be given, as the 
fishes have a tendency to consume large quantities at one time 
and then fast for several days. In most cases feeding was car- 
ried on in the laboratory from one to three months before ex- 
periments were begun, or until the fishes had formed the habit 
of taking food daily. 

Although the following observations were made especially 
on the mudminnow, they apparently apply to the stickleback 
as well. In making selection for training experiments, marked 
differences in the adaptability of fishes of different ages were 
found. Whereas mature mudminnows spend most of the time 
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• lying quietly in the bottom of the lUiUiirium mid are wary about 
coming to the surface for foo(i. the younger lislus swim al.out 
actively, are less easily disturbed by jars and iiioxcments and 
teke food more eagerly. But fry under one and a lialf inches 
m length are undesirable for such work, as their inoveinenls are 
irregular and unsteady. 

IX^TINCTIVK MOVKMIbXTS 

Instinctive movements may bo detined as locomotor res])()nses 
exhibited by an animal without ])reAioiis traiiiiiig. d’aken as 
a whole, these^ responses make ii]) what ihamings has ihdined as 
the 'action’ system, and they nearly always detf-rmine liow any 
animal is going to react under a given set of (conditions. The 
mudminnow and the stickleback have' the same tv|)es of in- 
stinctive movements, namely, swimming. lea])ing out of water, 
and flopping about on land. TIk’ nuidmhmow swims ratlier 
deliberately with a smooth motion. Wlwn accustomed to lab- 
oratory conditions, it sometinms springs up and s('iz('s o]>j(‘cts 
outside of the w^ter. Before doing so, it usually In^sitates a 
short distance from the surface, switching its tail in an agitated 
manner. If the tank containing the miidmimiows is h'ft un- 
covered, the fishes are liable to leap entiredy out of the r('e(‘])ta- 
cle.^ Mudminnows bury themselves in the mud to tidf^ over 
dry seasons. 

The stickleback swims in a jerky, neiAams mamuM’, iuwtt going 
far in one direction, but darting liitluM' and thitluT. ft li^aps 
out of Avater, but usually not so far as the mudminnow; gem'i-ally 
it comes to the surface and bobs up and down, thrusting out 
only its nose. It is less timid, though always wary. 

PERIODIC ACTIVITIES AND DAILY RHYTHM OF THK MCD.MfNXOW 

Seasonal variations in the activities of fishes are not. readily 
subject to laboratory .observation. In almost all (nses, how(‘V(‘r, 
the best results in the training experiments to be df'scrilied w(‘re 

J It is reported by Alast {To) tliat Fuivlulus lofijis from fide |K)t)l,< .suitchIs 
in transporting itself by flopping iilon.ir on land across a bui.Hfr of dry jrramnd 
more than 3 m. wide and 10 cm. high. 
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obtained in July, August, January, February, March, and April, ^ 
since during the summer and winter months the fishes were less 
restless and came for food nacre readily. That better results 
were not^always recorded for experiments during the fall might 
be due to the fact that fishes were usually obtained in Sep- 
tember and early October and were not yet adjusted to labora- 
tory conditions. 

In the middle of April, May, and early June a marked rest- 
lessness was noticed — often the fishes, ate erratically and were 
unfit for experimental Avork. It hardly seems probable that this 
was due to a rise in temperature, as the fishes had been kept in 
a room at ordinary temperature during the winter, and a series 
of experiments had been carried on successfully during the hot- 
test weeks of the summer. It was probably due to breeding 
activities. The breeding season of the ^nudminnoAv comes dur- 
ing tlie spring after the ice leaves the creeks and ponds where 
they live. The fishes Avhich have been confined in the laboratory 
during the winter rarely, if ever, mature eggs, but there is prob- 
ably a change in the gonads at this season. ^Two fishes which 
had been accustomed to eat daily from forceps during the Avinter 
months became restless in the spring, eating very irregularly, 
‘but in July and August were again available for experiment. 

The mudminnow was the subject of a series of observations 
on daily rhythm of activity. Across one corner of a room was 
hung a large opaque window shade. In this a hole was cut three 
inches square and about three feet from the floor. A table 
was placed in front of the curtain in such a position that vessels 
containing fishes could be seen by the observer who was seated 
behind the curtain. The space behind the curtain was dark- 
ened, and the observer kept as quiet as possible so that her 
movements might not disturb the fishes. The vessels con- 
taining the fishes were always allowed to remain on the table 
several hours before observations Avere made, During the hours 
of the day and night, the movements of individual fishes within 
the tanks Avere carefully mapped out on paper Avith as much 
minuteness as possible, and the amount of time spent % each 
position recorded Avith a stop-watch. 
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Twenty fishes (all young to IJ indies except one) 

were observed during an entire night in Xoveniber from 10:;U) 
p.M. until 7:30 a.m. The vessels' containing them were placed 
on tables where there was only enough illumination to faintly 
discern the outlines of the fishes. The positiomof each (ish 
was noted every half hour, also whether it was activi' or at rest. 
Of 201 observations matle, the fishes were in 124 instancies near 
the surface, and in 77 instances the fishes rested on or near the 
bottom. At daybreak nearly all the fishes were moving about 
actively. Likewise, nineteen fishes were obsciA cd at half-hour 
intervals during one afternoon !md evening. From all tlu‘se 
observations it was concluded that mudminnows. while only 
slightly less active at night than during the day, (‘xhibit some- 
what greater activity at daybreak. .Ml hough very young in- 
dividuals came to rest lanywliere in the disli, they s])ent rela- 
tively more time at the surface than on the bottom, whereas 
older individuals evinced a preference for tlu' botloii. IVoU'c- 
tive adaptation would seem to cause the young fry to stay at the 
surface, since th% large fishes whit'h are their natural eni'inh's 
are usually found near the bottom. 

SENSE ORCJANS USED IN SI'KKlNd K(a)I) 

In these fishes the senses of sight and snuT are most usi'd in 
seeking food. The sticklebaek displays more ahu’tm^ss in using 
both senses and much higher d(‘gree of acuteness of the olfaciory 
sense. The method used liy Parker ('ll) in testing the olfactory 
sense of fishes was tried with both mudminnows and stickle- 
backs. Cloth packets, one of which contained m<‘at ami the 
other cotton, were suspended at opposit(‘ ends of th<‘ afinariimi. 
The mudminnows did not show that they jaariaveil (ithcr 
packet though they swam in close proximity to both. 

The sticklebacks behaved differently, ddie appearama^ of t he 
packets attracted them at once. Those fishes which wiuit to- 
wards the packet containing meat darted furiously upon it and 
pulled at it with great excitcimmt, Imt those which swam in the 
direction of the packet of cotton in most cases stopped about 
4 cm. away and turned off sharply in another direction. Only 
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once or twice did they actually snap at the cotton packet. Then 
percei\'ing the struggles of the rest of the fishes with the other 
packet j they swam over and joined them. Repetition of this 
experiment gave similar results. At Woods Hole, Massachu- 
setts, the same test was performed upon Fundulus heterocl^us 
for comparison, since this species had been found by Parker to 
discriminate between the packets. The sticklebacks reacted 
fully as well to the stimulus of concealed food as did Fundulus. 

In the use of the sense of sight tlje mudminnow compares 
more favorably with the stickleback, though the latter reacts 
more quickly. Both species pursue moving objects without 
odor j such as bits of paper, or objects above the surface of the 
water; both exhibit skioptic reactions, and are stimulated by 
an increase in the amount of illumination. 

COLOR DTSCRTMINATIOX 

Not\vithstanding numerous investigations, the question as 
to whether fishes possess color vision is still somewhat unsettled. ■ 
Fishes live in a medium where, except at the^urface, the light 
is rather dim. The permeability of water to light depends 
largely upon its depth and clearness. There is an unequal ab- 
sBorption of different parts of the spectrum as rays of light pene- 
trate; the red end is absorbed more rapidly than the blue, so 
that at a depth of several meters in clear Avater fishes see as if 
through a blue-green glasl^. This fact might lead one to the 
view’ that for fishes living at any great depth, the ability to dis- 
criminate colors w^ould be valueless. Tfi^rc is the possibility, 
how^ever, that the eye of such fishes is better adapted to perceive 
minute differences in shade and color of objects in a dim light 
than is our owm- a consideration which should not be rejected 
because fishes are rather unspecialized in structure compared 
with other vertebrates. Even though fishes, which live at a 
depth w^here red, orange, and yellow’ rays of light do not penetrate, 
may have no use for a color sense, this cannot be true of fishes 
living and feeding at the surface, w’here rays of light are only 
slightly refracted and absorbed by the w^ater. 

In dealing with this problem there are certain questions To 
be considered: 
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1. Do the fishes studied discriniinate colors? 

2. If so, is the discrimination duo to \vaved(Mi^rth or to in- 

tensity? In other words, do fishes sec colors as such, or as 
shades of gray? « ’ ’ 

3^ If the cp of fishes an' affected by dilfcr(m(‘('s in wave- 
length, is their color vision like that of a normal human Ixmig? 

4. Can fishes form associations with colors;' 

5. Would such associations be of value to them in their struggle 
for existence? 

6. How do ,the resulis agree with present tlu‘ori(‘s of color 
vision? 

The following series of experiments were aimed to answer 
these questions and to supplement tlie evidema* furnisluHl by 
other workers. They were planned with a \fi(nv to Iraining 
fishes to secure food in particular ways, and extended through 
three years. 

The general problem presented to the fishes was that of learning 
to associate food with a certain color anil at th(‘ same time asso- 
ciate unpalatable «ubstanccs such as paper with auotluT color. 
The mudminnow and the stickleback are both shallow-water 
fishes which discover their food largely by sons(‘ of sight. Va- 
rious methods of presenting food were tru'd, (kmsiderablo* 
time was consumed at the beginning by using C(4ored <*lectrodes. 
These were thrust into the water at the sides of the dish and 
food was offered on forceps in the water, llie fishes were given 
a mild electric shock when they snapped at bait on the wrong 
color. This method had. to be abandoned because one shock 
often caused a fish to refuse food for siwa'ral days. 

Instead of this, the fishes were fed on only one color, while 
on the color Avith which unpalat ability was to be assiiciated, 
they were offered balls of paper closely matching tlic. food in 
appearance and color. In order that there might be no chance 
to smell the food, the bait was not dropped into tluj wal('r, but 
the fishes Avere taught to leap out of Avater regularly and take 
it from^forceps. Minced snail meat was the most attractive 
bait in the long run, although this was varied at times with 
chopped earthAvorms, slugs, and liver, Repeated trials deter- 
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mined that the fishes were not able to distinguish between the 
imitation baits and the food when both were offered out*of water 
under the same conditions. The use of this method usually 
caused some delay on account of the necessary training of. a weeR 
or two at the beginning of a set of experiments. The propog;ion 
of mudminnows successfully trained was only about two out of 
every five, but nearly all the sticklebacks could be taught to 
take food as desired. 

EXPERIMENTS WITH MUDMINNOWS 
Experiments with colored papers 

The first set of experiments with mudminnows was carried 
on during the winter of 1914 to 1915. ■ Five were placed in sep- 
arate bowls to be trained, but only two of these could be induced 
to eat with regularity. The experiments were performed by 
day before a large window. Discs of colored’^ papers were cut 
7.3 cm. in diameter and stiffened with cardboard. An aperture 
was made in the center of each large enough^to allow the discs 
‘to be slipped down over the ends of the forceps .from which the 
fishes were fed. The fishes were at first somewhat disturbed by 
* the paper discs and required a little time to become accustomed 
to them. In a week this timidity vanished; the appearance of 
a colored disc became a signal for the fishes to dart to the surface 
and spring out of the w^er after food. When this association 
with one color seemed to be thoroughly established, a disc of 
another color was substituted *with pa^^r closely resembling the 
food in color and appearance in the forceps. The same pair of 
forceps Avas never used for both food and paper so that there 
should be no possibility that the taste of food might be trans- 
ferred to the paper. The colored discs slipped down over the 
forceps were offered alternately. This furnished a severer test 
of the ^ower of association than did the experiments of Wash- 
bum and Bently (^06) in which the forceps of two different 
colors with only one holding food were thrust into the water 
simultaneously. 

^ The colors correspond with, the following numbers in Klingsiek and Valette’s 
Code de Coleur: red: rouge no. 2 , blue: blue no. 431, violet: blue-violet, no. 481. 
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The first test was successfully accomplished by only one fish, 
no. 27. The colored discs offered were blue as a signal that the 
forceps held food and red to represent paper. The forceps with 
the colored discs attached were presented syigly. The duration 
of the experiment was seventeen days (Feburary 11 to February 
27). The results arc shown in figure 1, B. On the first day 
three errors were made, i.e., the fish snapped at the paper under 
the red disc three times. On the second and third days the fish 
refused to eat on red, but took food on the appearance of the 
blue disc. Two mistakes were made on the fourth day, after 
which the fish no longer attempted to obtain food on red. In 
two instances a day intervened when the fish was not fed, in 
one instance two consecutive days, after which intervals the fish 
made a perfect record. 

The curves for all the experiments to be described are plotted 
in the same way. The days of the experiments are shown in 
the abscissa and the number of errors recorded eaich day on the 
ordinate. When no mistakes were made the curve is at 0, but 
the number of correct tests is not designated in the curves. The 
results of all the experiments with the mudminnows and stick- 
lebacks are summarized in tables 1 and 3, respectively, shoMng 
the duration of each experiment, the total number of trials, 
the number of errors and of correct records, and the percentage 
of errors and of successes in each case. 

After, mudminnow no. 27 had learned to distinguish between 
the red and the blue discs, violet was substituted for the blue 
disc. (Fig, 1, D, and table 1.) The entire experiment con- 


TABLE 1 

Results of experiments in which mudminnows were taught to take food offered with 
certain colored papers or with light passed through monochromatic gelatin filters, 
'and to refuse paper resembling food in appearance when offered with certain other 
colored papers or other monochromatic lights. ^Ldghis from flashlight^ means that 
the source of illumination was a hand electric flashlight and that the light passed 
through a monochromatic gelatin filler before reaching the fish; ^lights dim^ means 
that the dry cell in the flashlight ran down so that the light had a low intensity. 

* Lights’ means that an incandescent electric lamp was used and that the light was 
passed through monochromatic gelatin filters , * Intensity varied’ means that differ- 



Zn'rJTr" ^'¥'‘ 

filtas Coku nm-ml „iem.^ that the eahr irhieh (/„. hrsi met a! ,m . rln. 
meiU had miheaUdlhe prcecm af.lml um ehaa.jot ta »„„« ami 

«o«- mn on the coke m tehiah pa, n r had f..r,n. rk h!. J o:J,pd !%■ 
letters mekeak the eoku-. htne k repr. rent, .! h.j li. ,jrr, „ I,,, a . ,, ,/ 

""" ■!' pUniraphte ,.lat , .< ,v nsul 

.md thauhe mnne at the light shining thrangh th.n, ,ear an in.,„..l,ne,nl knur 
n qmte imil dots nirnun that, met, ad a! mo„aehr,a„„lie latii, nil , < 
mlh these eksigns o„ iheu, nrre m,d irllh the light i,;,,,, in,n„„l.ne,,:i l.„„„ 
,mse tiiough them. I hr aiiinarann „f then/, tar, «m.< .i.v i,„„/ / 

llie dots by pa per . • • 


FISH 

TVf'E OF FXFERLMK.ST 

y 

H 

y. 



f 

11 :uid (i oapc'i'.^ 

70 

los 

01 

12 

,ss so 

1 

R and 0 li^dits (MMi- 






No. 25 ^ 


12 

33 

21 

12 

.57.1! 


dim 

10 

27 

11 

13 

51 ,1)0 


Battoric.s renawod 

1 1 

15 

11 

1 

03.31 


B and papm-.s 

17 

20 

l.'i 

- 

75.11(1 


V and B pap(M-s ... 

(ih 

71 

50 

15 

70.72 


B and R lijrht.s from liadi- 







lishts 

M 

13 

20 

23 

10.51 

No, 27 

Lights dim 

II) 

11 

is 

20 

11.30 


Batteries renewetl 

10 

10 

(0 

0 

IDD.OO 


R and G lights 

■IS 

(i!) 

1.5 

21 

05 22 


intensitv varied . . 

22 

■IS 

11 

7 

S5, 12 


Square and dots 

JS 

52 

•> 

17 

o.s 


G and R lights from llash- 






4 

HsfR 

11 

2! 

21 

3 

S7.5 


Lights dim 

; 10 

37 

22 

15 

10.51 

No. 40 - 

Batteries renewed 

: Id 

M 

n 

0 

100.00 


Colors reversed { 

!() 

31 

15 

10 

1S.3S 



i Id 

12 

12 

0 

100.00 


G and H lights 

i :« 

50 

32 

Is 

01. (X) 


Intensitv varied 

j oo 

17 

30 

-S 

S2,0S 

f 

G and R lights 

21 

21 

20 

I 

S3, 3 1 

! 

Intensitv varied 

12 

22 

. 22 

0 

100 00 

No. 55 

G and R lights 

33 

31 

27 

1 

s7,H) 

1 

Intensity varied 

30 

27 

21 

3 

ss.so 

1 

- Gray plates 

30 

2S 

5 

23 

1 7 S5 

Ma ro ^ 

Gaud Y lights 


30 

30 

'.) 

70.03 

11 Q . OU \ 

Grav plates » . . . 

; 51 

3 S 

1 

37 1 

-'■«l 


Ml! 
IJ S 

Is. II 

LM.IHI 
•JO L’S 

.'( N.lU 

o.on 
;{} rs 
i},:>s 

01 ), j 


IJ ..')!) 
Tii ). Hi 
O.(X) 
• M.nj 
0 ON) 
JO. (XI 
17.02 

10 . (>0 

12,0 
11 . II 
S2.ir. 


•101 



462 * 


GERTRUDE MAREAN WHITE 


tinuecl seventy-five days (March 3 to May 17). During the 
last thirty-five days (April 18 to May 17) not a Single mistake 
occurred.* This period included thirteen consecutive days when 
the fish would not eat, but the associational impression was re- 
tained during the interval. The blue- violet combination seemed 
a more difficult one for the fish to master than the red-blue, 
since the time required for enough consecutive perfect records 
to be made to show that the association was established was 
much longer than in t^ie previous experiment. The previously 
formed association did not seem to be of any assistance as a 
preparation for learning the new combination. 

Mudminno# no. 25 was also tested with the red and the blue 
discs presented alternately under the same conditions used with 
mudminnow no. 27, but no color association was formed. The 
discs were then offered simultaneously to discover whether the 
failure was due to the complexity of the test or to lack of color 
vision. When the two discs appeared at the same time, the 
fish learned to seek the blue first. This showed that while 
‘ the fish was able to discriminate between the red and the blue 
papers, it did not inhibit the impulse to take food when oneidisc 
was shown separately. The duration of the test was seventy- 
nine days (March 3 to May 22.) (Fig. 1, A, and table 1.) 

. These experiments are subject to the criticisn made upon the 
work of other investigators, as the colors are not spectrally pure. 
In any case, however, they clearly demonstrate that fishes ane 
capable of forming associations and receiving suggestions from 
the conditions connected with obtaining the^r food, and that 
these associations may persist for a considerable time. 

Experiments with monochromatic light filters attached to the end of 
a flashlight 

Tn order to test accurately what wave-lengths of light could 
be discriminated by the fishes, monochromatic filters were tised 
instead of the colored papers. A set of Wratten monochromatic 
gelatin filters was obtained from Eastman Kodak Company. 
The set consists of seven filters, mounted between glass slides, 
which allow light of the following waves-lengths to pass through: 
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Red no. 70: 640 m to 730 m 

Red'no. 71: (500m to 730m 

Orange no. 72: o80m to 630m 660m to 710m 

Yellow no. 73: 550m to 63()m 570m to 720m 

Green no. 74: 510 to 570m 

Green no. 75: 460m to 546m 

Blue no. 76: 420m to 4S0m 

A flashlight was fitted out with a tin hood like the accoiu- 
panying diagram (fig. .2). The hood, //,^vas slipped over the 



' Fig. 2 Flashlight with hood, U, attached at the end to hold tlic gidatin hlti'.r.s, 
F. The light shines through the (liters at the opening, 0. 

end of the fiashliglft and the monochromatic gelatin filttT itis(*rted 
in a groove in the end of the hood where it could lie locked in 
position, F. The light was directed from above on tint vessel 
containing the fishes and food offered from forceps luTl laaieiith 
the light. The experiments were performed tit t wilight during 
the summer months. Of six mudminnows which wt^ro fed at 
the Seginning, only three ate regularly enough to givv. n^sults 
of valu^. As before, the fishes were made to sitring out <ff the 
water after their food, and paper which inatciutd the food was 
offered on the color which was to be refused. 
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Mudrii innow no. 27, with which the two previous sets of ex- 
periments with the colored discs had been successfully com- 
pleted, learned to discriminate between red and blue lights 
shining through monochronmtic filters (red, no. 71; blue, no. 
76) when they were presented alternately; blue representing the 
food stimulus and red, paper. The duration of the experiment 
was thirty-four days {July 9 to August 11). No errors were 
made during the last ten days. Red no. 70 was substituted for 
red no. 71 without aff (toting the outcome (fig. 1, C). 

I'ish no. 25 (which during the winter had not given successful 
results when the red and blue discs were presented alternately, 
but had later learned to discriminate between them when they ap- 
peared simultaneously) made a perfect record for ten days with 
the lights red no. 71 and green no. 74 in a series of tests which 
lasted thirty-six days (July 11 to August 15). The lights were 
flashed upon the \’essels alternately, red representing food and 
green, paper. During this expermient red no. 70 and green no. 
75 were several times substituted for the filters habitually used, 
and the fish reacted in the same manner as it tvas accustomed 
to react to red no. 71 and green no. 74. (Fig. 3, A, and table 1.) 

In both of these experiments with the gelatin filters a rather 
interesting occurrence took place. The flashlight batteries be- 
gan to grow dim about the thirteenth day and were not renewed 
until the twenty-third day. During the period when the lights 
were dim, there was a great increase in the number of errors, 
which ceased as soon as the batteries were renewed. A sudden 
rise in curve C, figure 1 (a-a), and curve A, fi^ire 3 (a-a) during 
the time when the lights were dim may be noted. 

The greatest aptitude displayed by any fish was that of mud- 
minnow no. 40, a female ready to spawn. The colored lights 
used were green no. 74 for food and red no. 71 to be rejected. 
On the first day when both colors were offered, the fish made 
three failures, attempting three times to take food in red light. 
For the eleven daysfollowing this shemade correct discriminations. 
Her behavior at the appearance of the two lights was different. 
To green she responded by rising immediately to the surface; 
when red was flashed upon her, she swam about rather excitedly, 
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but seldom came to the top. She also was confused by the 
dimming down of the lights, as is shown by the sudden rise in 
curve B/figure 3 (a-a), but with the renewing of the batteries 
the errors ceased. The experiment was continued, until ten 
consecutive errorless days were recorded. 

Uang the same mudminnow, the colors were then reversed. 
(Fig. 3, B, c.) Although the forceps under the green* light now 
contained paper, the mudminnow persisted in leaping out at 
them, but refused to do so when red light with food was sub- 
istituted. For five days this fish could not be induced to take 
food in red light, so that it was necessary to drop bits of food 
into the water without colored illumination in order to keep her 
in proper condition for experiment. On the sixth day she ate 
once in red light after snapping at paper in green light, but 
would not take food again in light of either color. On the 
seventh and eighth days she would not eat except when food 
was dropped into the water without colored lights. She sprang 
out after food in light of either color on the ninth day. Then 
followed eleven days of perfect record when she consistently 
took food under red light, but refused to do so under green 
light, (Fig. 3, B, and table 1.) 

Experiments with constant and varied intensity of illumination 

Since a flashlight does not yield a uniform illumination for 
any considerable length of time, an apparatus was contrived in 
which an eleckic lamp could be used for passing light through 
the gelatin filters (Fig. 4), An oblong tin box was constructed, 
6 cm, X 6 cm. X 12,5 cm. The electric light bulb was fitted into 
one end of the box. ^ At the other was an opening 4 cm. in 
diameter before which was a groove to hold the gelatin filters in 
position. Two plates, of glass (P, P',) were inserted between the 
light and the gelatin plates to prevent the plates being over- 
heated. A sliding cover was fitted tightlf over the t(jp of 
the box. 

The electric- lamp was connected with a rheostat (fig. 5, R) 
by w'hich the intensity of the light could be regulated’ and varied. 
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• Thus, although no method was ut hmul for ilotermiuing the 
intensity of a colored light, lights of varying intensity could he 
passed through the moiiorlironiatio filters and the effect noted. 
The followkig intensities of lijht were used: 4.1) candlenieters. 
2.5 candlemeters, 1.4 candlcmeters, 0.(>S candlonieters. I'hese 
values were obtained by measuring the light wlum it was in*the 
box shining through the two glass plates inserted to protect tin' 
gelatin filters. 4\hen the color filters were in position, tlu^ in- 



Fig. 4 Till box in which liglit from ;ui ch'ctric Iaii|]), />, was passial (hrougli the 
gelatin filters, F. P, arc glass plates inserfed to prevent ovi'rheuting the gela- 
tin filters, F. During the experiments the box was covered witli a light lid 
which not shown in the diagram. 

tensity was greatly decreased. During these experiiiHmts the 
translucent window shades were tightly drawn to increase the 
effect of the colored lights, and the fish tanks were surrounded 
by a black opaque screen (»S) so that the fishes might not be oi' 
fluenced by the movements of the invest igator. 

Exij^riments wcreHrst carried on witli mudmiunow no. 27 and 
mudminnow no. 40. The light was first used full slrengtli f4.0 
c.m.) with red no. 71 for paper and green no. 74 for food. When 
these fishes has shown by a perfect record that ilH^y had foiaiu'd 
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the association, the intensity of tke light was varied, but tio in- 
crease was noted in the number of mistakes, nor did the dis- 
erepancics seem to l)e correlated with the relative intensities of 
the light ffig. 3, C, and table 1). * 

Aludminnow no. o5 was tested in two sets of experiments. 
Thedirst set was carried on in the fall of 1916 between October 



Fifj;. 0 Reprosentinff the oondition^ of experiments with gelatin filters il- 
tuminatecl by an electric lamp. The electric lamp in box, 5, was connected 
with the rheostat, R, by which the intensity of the light could be varied. During 
the experinicuts the jar containing the fish was surrounded by an opaque screen, 
and the colored light was flashed upon the fish at the same time that food 
was offered from forceps. ■ 

25 and November 29 (thirty-six days), with green light indicating 
the presence of food and red indicating paper. No errors were 
recorded after November 1, the eighth day of the experimqpt, as 
the fish consistently refrained from snapping at paper in red 
light, but took food in green light. Beginning with November 
15th, the lights were varied in intensity. The results of this ex- 
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periment and the one follow iijfr are tabulated so as to show ex- 
actly what ocniiiTod at each feedin^^ and with each intensity of 
light (fig. 3, D, and tables 1 and 2). 

Beginning with January ]21li. this experiment was repeated 
with the same mudminnow and (“ontiiiued for sixty-nine days. 
An especially interesting fact in connection with this experiment 
was that no failures were noted during the first three d:iys, 
although the time which had elapsed since the comph'iion of the 
first experiment was forty-tw'o days (table 2). This occurrmua' 
may have been an accident, but if so, it was the only time a fish 
made no failures at the beginning of an exiierinumt. It si'ems 
more logical to suppose that the fisli had presoived the actiuired 
association of green light with food and red with ])aper through- 
out this interval. The experiment seems to sliow a ch'ar (‘ase of 
color discrimination. The number of errors was in all only 
seven. Three of these occurred during the time when tlie liglits 
were being varied, but as with fish no. 27 and iish no. 41), there 
seemed to be no correlation between the eri’ors and tli(‘ r(4a1i\’e 
intensities of the lights. On one occasion the fish suapjii^d at 
the bait in the red light when the light which shone through the 
red filter was 1.4 candleineters without tlie color fir*r(en and tliat 
which shone through the green filter 4.9 candlemetiTs (Id.‘briiary 
25). At another time, the fish was confused wlnm the light 
passing through the red filter w\as 4.t} candlenu'ti'rs and that, 
illuminating the green 2.5 candlemetcrs (March 4). On an- 
other day the red w-as 2,5 candlemetcrs and the green 4.9 candle- 
meters (March 8). On two occasions when errors wer(‘, made, 
the light passing through the green filter was the more intimse, 
but in the other instance, the red was stronger. (Fig. 3, and 
tables 1 and 2.) 

Experiments with green and yellow filters 

Mudminnow no. 60 was given the problem of distinguishing 
green no. 74 from yellow no. 73. The yellow, which, it may bo 
noted, had two absorption bands, appeared to the human eye 
considerably brighter than the green. On this account a weaker 
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TABLE 2 

Detailed results of two experiments with mud7ninnow No. 65 described on p. 4^8-$, 
The table shows the number of ivnes food was taken or refused with each intensity 
of light passed through a green monochromatic gelatin filter on each day of the ex- 
periment; also ike number of imes paper was taken or refused vnih each intensity 
of light passed through a red m.onochromatic gelatin filter on each day of the ex~ 
pervmnl. All light intensities are given in candle meters as measured with the 
7nonoc.hr ornalic gelatin filters removed. 


DATE 

GHEEN j 

BED 

Light 

intensity 

Number of 
times fotxi 
was taken 

Light 

Intensity 

Number of 
times paper 
was taken 


cm. 


cm. • 


October 25 

4.9 

3 

4.g 

1 





' 0 

October 26 

4.9 

2 

4.9 

0 

October 27.... 

4.9 

’ 2 

4.9 

1 1 

October 28 

4.9 

2 

4.9 

0 

October 29 

4.9 

3 

4.9 

1 





0 

October 30 

4.9 

2 

4.9 1 

0 

October 31 

4.9 

2 ■ 

4.9 1 

0 

November 1 

4.9 

2 

4.9 

1 



0 


0 

November 2 

4.9 

2 

4.9 

0 





0 

November 3 

4.9 

2 

4.9 

0 

November 4 

4.9 

2 

4.9 

0 

November 5 

4.9 

2 

4.9 

0 

November 6 

4.9 

2 

4.9 

0 

November 7 

4.9 

2 

4.9 

0 

November 9 

4.9 

0 

4.9 

0 

November 10 

4.9 

1 

4.9 

0 

November 11 

4.9 

2 

4.9 

0 

November 12 

4.9 

0 

4.9 

0 

November 13. 

4.9 

0 

4.9 

0 

November 14 

4.9 

0 1 

4.9 

0 

November 15 

4.9 

1 

4.9 

0 

November 16 

4.9 

2 

4.9 

0 

November 17 ! 

4.9 

2 

4.9 

0 

November 18 i 

4.9 

3 

4.9 

0 




2.5 

0 

f 

4.9 

2 *• 

4.9 

0 

November 19 { 

1.4 

1 

2.5 

0 


4.9 

1 

■4.9 

0 

November 20 \ 

2.5 

1 

1.4 

0 

[ 

0.68 

1 
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1 ABJiK 2-- 




date 

^ I.icht 1 

iri tensity 

Nuiiilier ijf 
times 
uiui taken 

1 iftht 1 

intensity 

N limiter of 
times luiper 
Wiis taken 


cm. 


: 



[ 

4.9 

1 1 

4.9 

0 

November 21 | 

2,5 

; 1 

! 1.4 

0 

1 

0.68 

1 



( 

4,9 

i 1 

4,9 

0 

November 22 | 

1,4 

i 1 

, 2.5 

0 


0.68 

' 1 



t 

2.5 

I 



f 

4,9 

1 

■> - 

0 

November 23 \ 

0.68 

1 

1.4 

0 

[ 

1.4 

I 



November 24 i 

1.9 

1 

4.9 

0 

[ 

1.4 

1 

2.5 

0 

November 25 

4,0 

0 

4.0 

0 

November 26 

4,9 

0 

4.0 

0 

[ 

4.9 

I 

4.9 

0 

November 27 

0.68 

1 

1.4 

0 


0.G8 

1 

, 4.0 

0 

1 

f 

4.9 

1 

' 4.0 

0 

November 28 \ 

1 

0.68 

1 

1 

. 

0 

f 

« . 0 

2,5 

1 

1 

4.0 

0 

i 

4.9 

1 

1.4 

0 

November 29 i 

0,68 

1 

2 . 5 

0 


4.9 

1 




2.5 

1 



November 30-January 11. , . , 

K.\poriinent 

s (Usoontinu 

0(1 


January 12. 

4,9 1 

2 

4.0 

0 

January 13 

4.9 1 

3 

4.9 

0 

January 14 

4.9 

2 

4.9 

0 

January 15 

4,9 i 

2 

4.1) 

2 





0 





0 

January 16 

4.9 

2 

4.9 

0 

January 17 

4,9 

2 

4.9 

] 



0 


0 

January 18 

4,9 

2 

4,9 

1 

January 19 

4,9 

2 

4.9 

0 

January 20 

4.9 

2 

4,0 

0 

January 21 

4.9 

“ 

4 , 9 

0 

January 22 

. 4.9 

0 

4.9 

1 0 

L,._ ... 
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TABLE 2—Continit<d 


' DATE 

j GREEW j 

RED 

Light 

intensity 

Number of 
times food 
was taken 

Light 

intensity 

Number of 
times paper 
was taken 


cm. 


cm. 

, 

JuilUarv 23 

4.0 

2 

4.9 

0 

January 24 

4.9 

■ 2 

* 4.9 

0 

January 23 

4.9 

2 

1 4,9 

0 

January 26 

4.9 

2 

4.9 

0 

January 27 , 

4.9 

1 

1 4.9 

0 



0 



January 28 

4.9 

2 

4.9 • 

0 

January 20 

4.9 1 

2 

4.9 

0 

January 30 

4.9 

0 

4.9 

0 

January 31 

4.9 

2 

4.9 

0 

February 1 

4.0 1 

2 

4.9 

0 

February 2 

4.0 

1 

0 

4.9 

0 

February 3 

4.9 , 

2 

4.9 

0 

February 4 

4.9 ; 

2 i 

4.9 

0 

February 5 

4.9 

0 

4.9 

0 

February fi 

4.9 

1 

0 

4.9 

0 

February 7 

4.9 

0 

4.9 

0 

February 8 

4,9 i 

2 

4.9 

1 

February 9 

4.0 

2 

4,9 

0 

f 

4.9 i 

1 

4.9 

0 

February 10 

' 2.5 

1 



i 

1.4 1 

1 i 



February 11 

4.9 

1 

1 

4.9 

0 

February 12 

Fish was fr ozen into ic e and thatve d out 

February 13 

4.9 

0 

4.9 

0 

February 14 

4.9 

2 

2.0 

0 

February 15 

4.9 

0 

4.9 

0 

February 16 

4.0 

0 

4.9 

0 

f 

4.9 

1 

2.5 

0 

February 17 ( 

1.4 

1 



f 

2.5 

1 

4.9 

0 

February 18 < 

1.4 

1 



f 

1.4 

1 

4.9 

0 

February 19 | 

2.5 

1 



February 20 

4.9 

0 

4.9 

0 

f 

4 9 

1 

4,9 

0 

February 21, < 

2.5 

1 

1,4 

0 
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RATE 


February 22 

February 23 

February 24. , , . 

February 25. . . . 
February 20. . 
February 27. . 

February 2S. , . . 

Mareh 1 

March 2 

March 3 

March 4 


Marcli 5. 

March 6 , 
March 7. 
March 8 . 
March 9. 
March 10. 

March 11. 

March 12. 
March 13. 
March 14. 


March 15, 


March 16. 

March 17. 
March 18. 
March 19. 
March 20, 
March 21 


2— r'liii/Miiitrf 


/ 

I 

I 

J 

\ 

( 

[ 


I' 


l.icht 

iDtciLHiiy^ 


4 HEEN' 


; Nvinihclilf ; 

i tilllPS IiHkI W!IS i 
; tiikDii 


I itM 

iiili'iis'ity 


ni:n 


4,0 

1 

1 

1.0 

4,0 

1 

[) 

4.0 

4.0 

(] 

4,0 

4.0 

1 

1.4 

1 . 4 

4.9 

1 

4.0 

1.4 

1 


4.0 

1 

2.5 

b-i 

1 


4.0 

1 

2 . 5 

1.4 

1 


1,4 

1 

4.0 

■) 5 

1 

10 

1.5 ■ 

0 

1 !► 

2.,1 

3 

1,0 



4.0 

4.0 

1 

1 

4.0 

2.5 

i 

4.0 

4.0 

0 

1,0 

4.0 

2 

2,5 

4,0 

2 

2.5 

4.0 

2 

4.0 

4.0 

1 

4 0 

1.4 

1 


4,0 

1 

1 

1.0 

4.0 

I 

1 

4.0 

4,0 

1 

2.5 

1.4 

1 


2 5 

1 

4.0 

4,0 

1 


1,4 

1 


2 , 5 

’ 1 

' 4.0 

1.4 

1 


2.5 

I 

4,0 

1.0 

f) 

4.0 

4.0 

0 

4.0 

4.0 

2 


4,0 

1 2 

2 .-> 
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0 

0 

1 

0 

0 

0 

0 

0 

0 

] 

0 

0 

\) 

0 

1 

<1 

0 

u« 

0 

0 

0 

0 


0 

0 

0 

0 

0 

0 
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light (2.5 c.m.) was frequently used with tjie yellow filter (4,9 • 
c.in. being used for the green). The experiment lasted forty- 
one days (February 25 to April 6). On each of nine days oner 
mistake was 'made, but errors w5re never recorded on two con- 
seeutive days. The fish nevw made a perfect record foi;solong 
a period as did the fishes in the experiments previously described, 
but in two instances a perfect record was shown for five succes- 
sive days, and' in two instances for four successive days. It 
seems safe to conclude that inudminnows are able to distinguish 
green from yellow, but that these colors are hot so readily dis- 
oriminated as are green and red, and blue and red (fig. 1, E). 

* Experiments with gray filters 

In order to check up Hess’ theory that fishes perceive colors 
as shades of gray, as a totally color-blind human being perceives 
them, further experiments wei^ performed. Two photographic 
plates were exposed to the light one second and four seconds, 
respectively, producing on one a light and on the o^her a dark 
gray surface. These plates were cut to the size of the gelatin 
filters and the gelatin surface protected by gloss so that they 
could be inserted without scratching in the box shown in figures ' 
4 and 5, and the experiment performed under the same condi- 
tions as the color tests. If the fishes were reacting to shades of 
gray, they ought to be able to distinguish between the two pho- 
tographic plates just as they had done with the colored filters. 
Mudminnow no. 60, which had distinguished green and yellow, 
did not show the slightest sign that it could perceive any differ- 
ence between the two photographic plates during fifty-one dasy 
(April 21 to June 10). It took food a little irregularly, as some- 
times happens in the spring, but the results were consistent 
throughout, since the fish attempted in the same manner to take 
whatever was offered with both plates (fig. 6, B, and table 1). 

Mudminnow no. 55, which had learned the red-green combi- 
nation, w^as also used with the two grays. The fish also gave no 
evidence of a perception of difference between the light and dark 
plates (fig. 6, A, and table 1). 
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Summary of experiments in regard to color vision of mudmiunows 

1. Mudminnows are able to distiuguisli l)ct\ve(Mi the following 
wave lengths of light: red, hOOji to 730 ^ and greeaolO/itooTO/i; 
.red 600m to 730m and blue 420m to 480m; yellow oSOm to 630m, 
660m to 710m, and green 510 m to 570m, as is shown by the forma- 
tion of associations of paper and food with these colored lights. 

2. Red and blue, and red and violet papers are dist inguished 
in the same way. 

3. Varying the relative intensities of the colored lights from 
1.4 c.m. to 4.9 c.m, does not affect the result, which indicates 
that the. reaction is to color rather than to intensity. 

4. This conclusion is further supported by t lie* fact that fishes 
(no. 55 and no. 60) which had previously shown that they ])er- 
ceived the difference between monochromatic gelatin filters 
(mudminnow no. 55 has shown a nearly perfect record with red 
and green, fig. 3, D) could not distinguish between photographic 
plates which had been Togged’ to different shades of gray. 

EXPERIMENTS WITH STICKLEBACKS 

The tests applied to the sticklebacks were similar to those 
made .upon the mudminnow. Experiments were performed using 
the electrical apparatus attached to the rheostat ]ireviously de- 
scribed (fig. 5). Two sets of monochromatic filters were pre- 
sented to the fishes; these were yellow no. 73 with blue no. 76, 
and red no. 71 with green no. 74. After repeated tests with the 
red and green filters, the light intensity was varied, as had been 
done with the mudminnows. Observations were also made to 
test the discrimination of shades of gray, 

EXPLANATION OF FIGURES ON FOLDER 

Fig. 6 Curves representing the results of exi)t'riin(>nts on the diseriminji- 
tion of light shining through photograjjhic idates ‘fogged’ to ditferent shades 
of gray. Construction of curves suirie as in figure 1. 

A. Mudminnow no. 55, Dark gray plate iiidicnting presence of food and 
lighter gray plate indicating presence of paper. Duration of the experiment, 

30 days, May 12 to June 10. r r i i 

B. Mudminnow no. 00. Dark gray plate indicatiul presence of Ojod innl 
light gray plate indicated presence of paper. Duration of the ex]>eniiient, ol 
days, April 21 to June 10. There was no day without one or more errors. 
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Fig, 7 Ciirvc.s representing the results of experiments on the discrimination 
of colors and light intensities by sticklebacks. Construction of curves same as 
in precedipg figures. 

Stickleback no. fio. Blue and yellow lights, blue indicated presence of 
food and yellow indicated paper. Duration of experiment, 18 days, April 28 to 
May lo. 

B. Stickleback no. 06. Bine and yellow lights, blue indicated presence of 
food and yellow indicated paper. Duration of the experiment, 16 days, April 
20 to May 13. 

C. Stiekleljuek no. 66. Green and red lights; green indicated presence of 
food and rod indicated j)aper. Duration of the experiment, 21 days, May 16 
to June .5. 

D. Stickleback no. 06. Green and red lights, green indicated presence of 
food and red indicated paj)er. Duration of the experiment, 17 days, May 16 to 
June 1. 

K. Stickleback no. G.6. Eight shining through photographic plates ‘fogged' 
different shades of gray, the darker plate (exposed to light 4 seconds) indicated 
jiresotice of food and the lighter plate (exposed to light 1 second) indicated paper. 
Duration of the experiment, 32 days, March 2] to .A.pril 27. 

F. Sticklcliack no. 06. Eight shining through photographic plates ‘fogged' 
different shades of gray, the darker plate (exposed to light 4 seconds) indicated 
presence of food and t he lighter plate (exjmsed to light 1 second) indicated paper. 
Duration of the experiment, 32 days, March 27 to April 27. 

Fig. 8 Curves repre,seriting the' results of experiments on the discrimination 
of colored lights by sticklebaeks. Construction of curves and lettering same as 
in figure 1. 

A. Stioklehhek no. 46. Green and red lights. During the first t34 days (h-c) 
green indicated presence of food and red indicated paper; during the remaining 
60 days, red indicated presence of food and green indicated paper. The duration 
of tlic entire cxperijiient was 90 days, Dcecinber o to April 3. 

B. •Sticklel)aek no. 50. Green and red lights. During the first 32 days (ii-c) 
green indicated presence of food and red indicated paper; during the remaining 
92 days (c--d) red indicated food and green indicated paper. During the last 
20 days the lights wore varied in intcncity (r-r). Duration of the entire ex- 
periment. 124 days. January 6 to May (S. 

Fig. 0 Curve representing the results of experiment on the discrimination 
of patteriLs by nuidminnow no. 27. Construction of curves same as in preceding 
figures. A square of black paper 2.7 ern. indicated presence of food and four 
black dots 1 cm. in diameter indicated paper. Duration of the experiment, 38 
days, February 27 to April 5. 

Fig, 10 Curves representing the results of experiments on the discrimina- 
tion of calves' liver and gray paper offered alternately to stickleback no. 57. 
As in figure I, only the errors of each day’s record are shown in the curve's, 

A. Duration of the experiment, 35 days, October 24 to Xovember 28. 

B, Repetition of experiment represented by curve A. 'Fhis was begun 44 
days after the first experiment had been discontinued, Duration of the experi- 
ment, 30 days, January 12 to Fcbj’uary 10, 
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Experiments inlh monochromatic bine ami yellow fillers 

Tests with blue and yellow lilters were applie.l to two sti.kle- 
backs no 6o and no. (36. The lights wore Hashed alt(a'nat(‘Iv 
upon the fishes, the bliicMiein- assooiatih with f(»od and the 
yellow with paper. The yellow li^hl seemed to the human eve 
considerably brighter than the l)hua and the blue plat,‘ was muih 
more opaque than the green plaK^ which was use, I m combination 
with the yellow in the test nnuh' upon mudminuow no. ()0. If 
intensity of light was tin' determining factor in tlu'se discrimi- 
nations by the fishes, the yellow-blue combination offered tin' 
greatest contrast of any experimeni tihal and might hav,' been 
expected to secure the most ])ositive ivsults, But. strange to 
say, the records, of this exp‘‘riment tail to show anv clear ('\> 
dence of discrimination. Only 22.22 per c('nl of the 1<ilal numln'r 
of trials proved to be correct foi' stickh'back no. lu. and llkl2 
per cent in the case of stiekleliack no. 66. It w:is demonstrati'd 
in a later experiment that the failure was not diu' to ibe complex- 
ity of the test since these fishes h'anu'd to discrindnate red and 
green lights (fig. 7, A, table 6). 

■ Experinmts with monochromalic red and yreen 

Red and green lights were ])resented alt(*rna(ely to four 
sticklebacks including the two wlucli had given m'galive I’esults 
in the experiment with blue and yellow lights just (}escril>ed. 

The experiments on no. (id and no. 66 wia'e among the last, 
tests made, but an account will lie given of thc-m hero so that 
these results may be compared with the y<'llow-l)lu(' ('xperimciit. 
The fishes very soon demonstrated that they d(‘t('et('d ([ualitativc' 
differences in the green fno, 74) and n'd (no. 71) lights which 
were flashed upon them, reacting differently to ('ach light. 
After several trials the fishes exhibited hesitation in ap[)i'oach- 
ing the forceps in red light or refused to do so ailogc11i,'r. wlnle 
in every case they snapped at the forcejis in green illumination. 
The test lasted only seventeen days for stickleback no, 66 and 
twenty days with stickleback no. (id, siiuai it was tiu^ purpose 
of this experiment to obsei've whether they could discriminate 
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TABLE 3 

Results of experiments in which sticklebacks were taught to take food offered mih ' 
light passed through monochromatic gelatin fillers, and to refuse paper resembling 
food in appearance, wf^en offered mth other monochromatic lights. ‘Lights,’ 
‘colo's reversed,’ ‘intensity varied,’ ‘gray plqfes,’ have the same meaning as in 
table 1 071(1 the colors are as before represented by B for blue, G for green, R for 
red, and Y for yellow. ‘Food and paper’ means that calves’ liver and gray paper 
quite different in appearance were offered alternately without colored illumination 


nSH 

TYPE OF EXPEHIMENT 

DUR.^- 
ri ON OF 
EXPEK- 

IMENT 

NUM- 
BER OF 
TRI.4.LS 

NU. VI- 
BE R OF 
TIMES 

COE- 

BECT 

NDM- 
B£B OF 

ERRORS 

PER 

CENT OF 
TIMES 

coV 

RECT 

PER 

CENT OF 
ERRORS 



days 






f 

G and R lights 

34 

66 

54 

. 12 

81.82 

18.18 

No. ‘16 j 

Colors reversed 

28 

108 

, 8 

100 

8.00 

92.00 

1 


28 

34 

24 

10 

70.59 

29.41 

f 

G and K lights 

32 

58 

45 

13 

77.59 

22.41 

i 

f 

20 

83 

15 

68 

18.07 

81.93 

No. 50 '! 

Colors reversed \ 

20 

50 

34 

16 

68.00 

32.00 

1 

i 

20 

.52 

41 

11 

78.85 

21.15 


Intensity varied 

23 ! 

'91 

84 

7 

92.32 

'7.68 

r 

1 

Gray platen 

32 

39 

■1 

38 

2.56 

97.44 

No. 65 \ 

R and Y lights 

18 

27 

6 

21 

22.22 

77.78 


R and G lights 

20 

: 22 

1 

5 

77.18 

22.72 

( 

Grav })Iatc3 , 

32 

34 

00 : 

34 

00.09 

100,00 

No. 66 i 

B and Y lights 

! 16 ^ 

31 

5 

26 

16,12 

83,18 

i 

R and G lights,' * 

! ^7 ; 

17 

11 

6 ' 

64.72 

35.28 

No. 57 1 

Food and paper 

35 

i 

i 39 

33 

6 

84.62 

15.38 

1 

Food and paper 

30 : 

41 

34’ 

7 

82.93 

17.07 


between the colored lights, rather than whether a permanent 
association could be formed (fig. 7, C, D; table 3). 

Experiments of longer duration were peT'formed on stickle- 
back no. 46 and stickleback ho. 50. No. 46 was first trained to 
come for food in green light, and to inhibit the impulse when 
paper closely resembling the food in color, was offered in red 
light. This test continued thirty-four days, January 5 to Febru- 
ary 7. On only seven days do the records sh^v errors, and dur- 
ing sixteen successive days ’a perfect record was maintained. On 
the thirty-fifth daj^ the colors were reversed. The permanency 



ASSOCIATION AND COLOR DISCRIMINATION 


483 


of the acquired association was deinonstvatod hy the fact tlnvt 
during the twenty days following the lisli persisted in attempting 
to take the paper under the green light which had previously 
shone upon its food. ThO' reversal of the (‘olors sc'emed to con- 
fuse the fish, and an errorless record with the new conditions 
was never shown as in tlio previous test. It recpiiivil a niu(*h 
longer period to form the habit of taking food in red light aiul 
refusing paper in green liglit Ilian to form, the first association. 
The entire experiment lasted niiu't}' da^vs, JaTUiary 5 to April 3 
(fig. 8, A; table 3). 

Stickleback no. 50 learned to react negatively to paper olhae'd 
in red light and positively to food in gr('cn liglit in a series of 
tests continuing thirty-two days, at the (aid of which tluaa' was 
a perfect record of fifteen days. Stickh^baek no. 50 reaided in 
the same manner to the reversal of colors as liad stickl(‘ba(*k 
no. 46. The association of food with gr(>en light was overcome 
with great difficulty, but after sevciity-on(‘ days of (‘Xperiimmt 
had elapsed, the fish was tested on ten successivi? days willioiit 
" errors being made. Although the liglit inteusily was varh'd for 
the last twenty-three days ‘of the exp(a'un(‘nt, the oscillations of 
successes and failures which took place seenu'd not to hi'conxi- 
lated t\dth the relative intensities of the lights, and it. may be 
noted in the tabulated results (table 2) that the ])igh(‘st jau'cent- 
age of successes for the whole experiimait was n^’oriled during 
this period (fig. 8, B). 

Like the mudminnows, the sticklebacks t('st('(l sIiowcmI that 
they were able to distinguish between I’ed fODO/i to 730^) and 
green (510m to 570m), but the experiments mdicate(Mh;it with 

blue (420m to 480m) and yellow (580m to 630m, 660Mlo7lOMHh(‘ro 
was no. such discrimination. 


Experiment with an aquarium oj ^tichkharl:^ 

An interesting piece of evidence vts obtained from an ajpia- • 
urn containing fourteen sticklebacks. These fislus w(an k(M)t 


fn' w(a'c 


m comammg - , . , 

ider, observation*for several months, during m * 
gularly fed and became very tame. ,Cah-cs’ liwi' was iinm to 
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them nearly every day from forceps. It was very amusing to see 
all fourteen of them dart to the top at a slight movement of anyone 
near them and begin sticking their noses out of the water in 
anticipation of food. When food was held a slight distance out 
of water, they would with one accord leap out after it, and at 
times hang on so tightly that they could be lifted several inches 
out of the water before letting go their hold. 

On one occasion, . after the sticklebacks had been given a 
small piece of calves’ li^''er, the forceps were held out to them 
empty. None of the sticklebacks approached the forceps, but 
the merest bit of dark red liver was sufficient to attract them, 

A bit of rather bright red paper rolled into a ball and Substi- 
tuted for the food was at once attacked. Tan-yellow presented in 
the same way elicited no positive response. Lavender which had 
a pinkish tinge was snapped at twice, while dark blue, gray, 
yellow, and green failed to attract. Whm dark red paper, 
which most closely resembled the color of the liver, appeared the 
fishes darted towards it from all directions seizing it voraciously. 
Reddish purple was snapped at several times. These papers 
were compared with Klingsiek and’ V^lette’s Code de Coleur 
and were found to resemble most closely the following numbers: 

Hark red— rouge no. 3 ^ 

Red— rouge no. 6 
Tan-yellow — orange no. 146 
Yellow— orange-jaune no, 166 
Green— vert no. 301 
Blue— blen violet no. 452 
Gray — bleu violet no. 460 
Lavender - -violet no. 52HB 
Purple— violet rouge no. 571 

This experiment indicates that the color of the food which 
sticklebacks take habitually makes an impression difficult to* 
eradicate. Red no. 6 seemed to the eye to be very bright; red 
no. 3 was quite as dark as blue no. 452, and not so dark as gray 
no. 460 which was rejected. 
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Expcrimcnis with (jra}j Jil(vr!i 

Gray filters were proseutod alternately t(^ the two stiekh-haeks 
no. 65 and no. ()() exactly as they hatl been «)iTereil to nnulniin- 
nows no. 55 and no. (iO. It may W noted liiat tlo'st' were the 
same sticklebacks whidi had been sul)j(H;t»al to tin* expiaiimait 
with yellow and blue lights aijd to tlu' (‘xpiaia enl with red 
and green; both had manifested the power to discriminate 
between red and green. In contrast tlie (‘xperinuait with 
the gray filters was very striking, for on no occasion d()('s tin' 
record show a day witlmut eiTor for ('itlu'r fish. Neither of tlie 
jBurves touches the point at 0 at auv time during tln‘ experiments 
(fig. 7, E, F; table 3). 


Summary'of resnli!^ in rqinnl in cnlnr vision nf siifhh'lnids 

1. Sticklebacks were not able to distinguish betwefui blu(‘ and 

yellow lights of the following wave-huigths: to lS()/x and oSOju 

to 630g and 6G(V to 71(V. 

2. Red 600g to 73(V and green 51(1^ to oTtlg wi^nc distinguislied 
even when the relative intensities of th(‘s(' lights are van(‘<l from 
1.4 c.m. -to 4.1) c.m. 

Photographic plates 'fogg(Mr to a light and a dark gray 
were not distinguished. 

4. Sticklebacks form decided associations r(‘sp(M‘ting th(^ color 
of the food which they habitually eat. 

GENERAL COXd'LrsiOXS ox (aiLoH VISloX IX I•■IS11KS 

The experiments described in this i)aper aii<i tin' w<irk »»f otluT 
investigators furnish evidence that sonu'sjH'cicN'of LsIk's p(MTeivi‘ 
differences in colors, and that tliis discinniiiation is based nj)on 
the wave-length of the light, not (jii int(uisity. It seems ratlna 
unlikely that the color vision of fisln's approximatfs in cliaracter 
that of human beings, It would 1 )p of iiil.Tosl 1o know whal 
range of colors fishes react to. The slicklel.ack, at least, s.Mnns 
unable to disofiminate between blue to ISIV) and yidlow 
(r,80M to 630,, 660, to 71(1,). ^\■|le1l^er these eolors are con- 

fused by mudminnows also Inis .. * '‘ecu lestwl. 



486 


GERTRUDE MAREAN WHITE 


Color perception seems to be of some importance in the lives 
of fishes, since color associations are formed and persist for a 
considerable time. ^ Such associatiofis may be formed even 
when the colors are not preset simultaneously. The value of 
such associations to fishes which seek their food in shallow water 
would be obvious. Food of a particular color once found to, be 
desirable may be singled out and pursued and undesirable sub- 
stances more easily avoided. 

It is somewhat premature to discuss at length the theory of 
color vision which the results of these experiments would seem 
to support. The duplicity theory of von Kries assumes that 
achromatic scotopic (dark-adapted) human vision is carried out 
through the mediation of the rods alone, the cones being, the 
organ of photopic (light-adapted) vision. This, conclusion ia 
derived from the fact that the fovea of the eye consists entirely 
of cones, while the extreme periphery contains only rods; the 
remainder of the retina had both rods and cones. The visual 
purple is located in the rods. For the light-adapted eye,' the 
fovea is the point of keenest vision, and the brightest part of.' 
the s'pectrum is in the yellow. When the eye is dark -adapted, 
on the other hand, the fovea is no longer the seat of k^nest vis- 
ion, but instead objects are seen more clearly when focused at 
points away from the center of the eye. Green appears to the 
dark-adapted eye as the brightest area of the spectrum and it 
is in green light that visual purple is most strongly bleached. 
The theory accounts very well for cases of total color-blindness 
where the fovea of the eye is affected and the^eye is unable to 
focus strongly on any object. In such instances bright light 
hinders vision. , Night blindness might be explained on the 
basis of a defect in the rods’ interfering with vision in low illu- 
mination, but leaving vision in light of higher intensity unim- 
paired. The researches of Hess on the comparative physiology 
of vision in the lower animals, however, give little support to the 
duplicity theory, since the eyes of all classes of vertebrates show 
adaptation to light and darkness, even including tortoises which 
have neither rods nor visual pulple. The results of 'the experir 
ments with the sticklebacks described in this paper seem to have 
little or no bearing uppn this theory. 
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Hcring bases his theory of opjioiicut colors on tlic soosatioiis 
of compleiTientary colors. \Micu certaiu \\‘a\’c-lcng(]is of ml 
and green are presented to* the humnu eye sirnullaneously. tlie 
result is a colorless sensation. sinuiltaueous peo'optioii of 
yellow and blue of ceKain wave-lengths produces tlie saineeiTect. 
These four color sensations, red^ gre(Mi, blue, and \'(‘llow, are 
regarded by Hering as the piiinary ones from mixtmvs or 
dilutions of which all other color sensations ar(‘ derived. 
To these are added the primary sensations, Idack and white, 
which on mixture result in sensations of gray. This theory 
maintains that there exists in the eye three distinct visual sub- 
stances affected by pairs of antagonistic physiological pro(M‘sses 
in such a way as to produce the six primary sensations, whito 
black, red-green, and yellow-blue. In fa\’or of this tln^ory is 
claimed for consideration the color sensitivity of th(‘ ])art of the 
normal human retina lying outside of the fovea, d'he i‘xtn*me 
periphery of the retina is color-blind. Within this totally color- 
blind zone lies an area which is red-green blind, but is s(‘nsilive 
to blue and yellow stimuli, while the cent(M‘ of tlu^ retina is sen- 
sitive to all colors. The most common form of color-blin(lnes.s 
is that in^which red and green an^ not discahnimitod, and (aises- 
are known in which yellow and I )liie are confused, IhtluaMype 
of color-blindness might be explained l)y the absence^ of one of 
the physiological substances. The same ex[)l;inalion might 1)0 
applied to account for the failure of the sticklebacks in the ex- 
periments described to discriminate bc'tweiui yellow and blm*. 

The observation that on mixture rofl, green, and l)lu(‘ produce 
white is the basis for the Young-Hcbnholtz theory, according to 
which there are three pririiary colors insti'ad of four froni whicli 
all other colors are derived. The wave-lengllis of the red aiid the 
blue are closely identical with the fimdanuaital colors chos(‘n by 
the upholders of the four-color theory, while the gn^ai li(‘s on 
the yellow side of the green of Horingh theory, d’liis th(M)ry 
explains very well certain cases of partial ('o]r)r-blindrit’ss by as- 
suming the absence or diminution of on(^ f)f the tliree thcoret- 
• ical components. If this theory accounts for the inability of 
sticklebacks in these experiments to di.scriminatc l)etw(M«n blue 
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and yellow, the blue component must be assumed to be lacking, 
''riieso results seem to be explained equally well according to the 
four-color theory of Hering and tlie tliree-color theory of Young- 
Helmholtz. 

KXrURIMHXTS IX Till-: DLSCIUMIXATTOX OF PATTERNS 

Mast (d4) and Sumner (d 1) have shown that certain fiat fishes 
adapt the color markings of their skin to the background against 
which they rest. Such an adaptation would be frequently of 
protective value. Accordin§| to Mast, such stimulation is re- 
ceived through the eye. One naturally inquires whether rec- 
ognition of differences in the configuration of their environment 
is of use to fishes in seeking their food. Experiments with a view 
to ascertaining whether this is the case were carried out on the 
stickleback and the mud minnow. 

Mudminnows no. 27 and no. 40 which had given positive re- 
sults in the color experiments were tested in several ways to 
discover whether they could form associations of food and paper 
with various patterns. On the center of a round piece of card- 
board 7 cm. in diameter was pasted a five-pointed star of black 
paper. A ring of black paper 5.3 cm, in diameter and 1 cm. wide 
was pasted to a similar white card. When the star was’held 
above the tank containing the fish, forceps containing food were 
presented, while the circle signified gray paper which matched 
the food. As in the color tests, the fishes were mad'e to leap out 
of water to obtain the bait. Mndminnow no. 40 when sub- 
jected to this test exhibited during twelve days no signs of form-, 
ing an association with the patterns. 

Dots and stripes were the test next applied. Black stripes 
1 cm. wide were pasted on white cardboard 1 cm. apart. On 
another white cardboard were pasted black dots 1.8 cm. in di- 
ameter, and the same distance apart. Except for the designs 
on the cards the test was in all respects similar to the previous 
one, and the results were similar, for mudminnows no. 27 and 
no. 40 to which it was applied attempted to take food in the 
same manner when either card was held above them. 
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A circle of black paper 4,5 cni. in iliinnctcv ptistcd on a white 
card was not distinsuishedjroin a l)la(‘k s(iu;)ir 4 <Mn. acros,^, 
when they \vere presented under the sanu^ (‘onditions as thos(‘ 
used in the tests described above, l)y niiulininnow no. a\) diirinif 
thirty-seven days. 

In order as nearly as possii)le to duplic-alo the eondilions of 
the experiments with colored lights, two pieces of ^lass wore cut 
the size of the gelatin lilters. Tpoii the (‘('nt(M* of one was plac(‘d 
a square of black paper 2.7 cm. across and upiin tlu' oIIkt four 
black circles 1 cm. in diameter. rhes(‘ plate’s of glass w<m’(’ in- 
serted in the tin box and the light llaslu’d through tluan upon 
the fishes. Ihe appearence of llu’ s(|uai‘e was acconipanie’d hv 
food and the black dots were to sugge’st ])ap(‘r. At. the {aid of 
thirty-eight days {lehniarv 27 to Ajiiil 5) nmdminnow no. 27 
showed no signs of discrimination (fig. h). 

Two sticklebacks, no. 08 and no. (>4, siibjee-ted to the 
following experiment. (Hass plates litting into tin' tin box wviv 
used. On one was a square 2 cm. in size and on tlie other a 
black circle 2.5 cm. in diani(*ter. Xeithei’ tisli showinl that it 
perceived the difference betwi’cn them, though the {’xpia-innait 
continued sixty days. 

While these experiments do not absolutely prove tliat dilha*- 
ences in pattern are not periaavi’d liy nmdinimiows and stickle- 
backs, they suggest that tlie discriiiiintitioii of jiatlerns and 
differences in backgrounds does not liave a viay im])ortant. 
function in their search for food. Xo associations appeared to 
be formed with the patterns ^isi'd. iiu’si' r('siilis arc’ in sharp 
contrast with those of the tests with colors. 

ASSOC I AT 10 N,S FOUMKl) IX MSI IKS 
7i/pC,S of (ISHftcidliOKS 

The analysis of the psychology of a hsh, like that oCanyotln’r 
animal, can only be made by iiitiTpriiing its iinmediati’ reaiiions 
to stimuli of .various sort.s. Ihe nature of the sense organs and 
the reacting organism must diiermine tlie typi’,- of as^oci.'itions 
Aormed, -whether they are merely associations of particular 
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muscular reactions with special stimuli without apparent con- 
sciousness of their purpose on the part of the animal, or psy- 
chological associations of a higher type. 

The formation of associations with color stimuli has already 
been shown to exist, but under similar conditions associations 
with patterns were not formed in the tests made. 

Associations with objects were found to occur. A large live 
dobson-larva was dropped into a tank containing a mudminnow. 
At first the larva was repeatedly attacked, but when, after a 
dozen or more trials, the fisb was unable to devour it, the larva 
was completely ignored, although living Crustacea, worms, and 
other baits were taken. At other times forceps containing no 
food attracted mudminnows. 

■ Moving objects and shadows nearly always induced reaction. 
Sudden movements caused the fishes to swim about rapidly as 
if frightened and in search of cover. After the fishes had become 
accustomed to being fed at the top of the water, the approach 
of anyone caused the fishes to swim to the surface. Short, jerky, 
wriggling motions as those of a worm attracted and agitated 
them. 

- Jarring the tank produced the same result, probably owing to 
the fact that it was customary to lift the vessel containing* a fish 
about to be tested and set it on the front of the table. While 
moving a receptacle, it was necessary to keep it covered because 
the fishes were likely to leap out of the w^ater, soiftetimes land- 
ing outside of the vessel. Fishes freshly brought into the lab- 
oratory or those which had not l^cn experimented upon could 
be carried about in small vessels without showing any inclination 
to jump out. A very definite moter a'ssociation seemed to exist 
in all the fishes with w^hich tests were made, for shadow^s, move- 
ments of the investigator, jarring the aquaria, all excited the 
fishes to leap out of water, even when no food was in sight. 

There is some evidence that the fishes associated a certain time 
of day with their feeding. It w^as generally the custom to perform 
the experiments at about the same hour each day; visually in the 
afternoon. Changing the w^ater in the tanks was found to be a 
more difficult preceding if it was done at the usual feeding 
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hour, even if the. fishes had been fed, for tlu\v were more likely 
to become excited. Goldsmith (42) reports place association 
in gobies 'and plaice. This has not been eoiitiianed hy tests on 
the mudminnow and the stickleback in any respect other than 
their swimming to the surface for food. An etTort was made to 
induce them to seek habitually a certain end of tlu' tiink wluTe 
food was dropped in through a tube, but there \vas no indication 
that such a habit had been formed. 

Delicacy of as^ciations 

It was presumed that associations formed in the nervous ort 
ganism of fishes would not be such as to admit of fine discrimi- 
nations; this was, borne out by the experiments. Filters of 
(Merent shades of red and green could be int(TchangC(l without 
affecting the reactions. The pattern experiments brouglit no 
positive results. 

A stickleback, no. 57, was offered minced liver and gr;iy pa])or 
alternately thirty-nine times in thirty-live days. The lish 
learned very quickly to refuse the papiT and to leaj) out after the 
liver, but small pieces of angleworm could be sub.stituted for the 
liver without the fish obviously perceiving the differeneo. Tlie 
successes were 84.62 per cent and the errors 15.38 per cent; 
during the last ten days of the experiment not a single error 
was recorded. A similar record was shown when the experinumt 
was repeated with the same stickleback, when in thii1)' (h^^s the 
successes were 83.03 per cent, and the mistakes were 17.07 per 
cent; all the reactions during the last nine dtiys wens perfect 

(fig. 10; table 3). 


Complexity of associaiiom. 

Fishes are evidently capable of forming only very simple as- 
’ sociations directly related to their struggle for cxisteiKt,. is 
is to be cxpejted, since, so far as is indicated, 
the kind of attention which leads directly .to a<'ti\i >• - 

dike (’ll) reports being able to induce Fundulus to seek exit from 



a box into the sun through an opening. Accofding to Churchill 
(’16), goldfish are able to ‘learn a maze’ consisting of two par- 
titions placed at intervals across a vessel a short distance from 
each other. The fishes were placed in a compartm^t at one 
end and w ere obliged to pass through holes in the two partitions 
in order to reach the opposite end of the aquarium where food 
was located. The habit proved to be fairly well established, 
for, after thirteen days’ lapse, the fishes were able to follow the 
route correctly. 

In the present experiments sticklebacks showed no disposition 
to lessen the time of passing through a triangular opening at the 
bottom of a glass partition w^hen food \vas dropped on the other 
side, but simply darted against the glass until they chanced to 
hit the opening and swim through. The experiment continued 
thirty-four days, two fishes being used. The trials were carefully 
timed with a stop-wntch, and no improvement or lessening of the 
time w'as noted. 


Permanence of associations 

The results of the experiments described have some bearing 
oil the permanence of associations: ^ludminnow^ no. 55 show^ed 
the influence of previous training by red and green filters forty- 
tw^o days after the first series of experiments had ceased. Dur- 
ing the color tests perfect records of ten or more consecutive days 
were frequently shown, while in one instance a fish made no 
mistakes during fifteen days and in another instance during 
sixteen days. Discontinuing an oeperiment for a day or twm 
after an association w^as fairly w’ell established never seemed to 
dull the impression received. When trained to spring out of 
water after food, the fishes repeated the action indefinitely as 
long as food could be procured in that manner and almost com- 
pletely ignored bits of food dropped into the w^ater. 

Modification of associations 

Associations once established persisted in aratuur biuiuui^ped 
fashion. After being accustomed to take food in light of a certain 
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color, mudminnow^, and even more esi)e{‘ially the st ieklohaeks 
were confused by the reversal of tlie food and paper in rehitiou 
to the colors. The reversed combination seemed to be more 
difficult to master than the original one. 


GENERAL CONCLUSIONS FROM THE EXPERIMENTS DESCPIHED 


Compared with land vertebrates, fishes li\'e ii\ a constant 
medium where little premium is ])ut upon sensory specialization. 
None of the sense organs have a marked degree of iieifecaion. 
The behavior of fishes is stereotyped. Their asso{iations are 
simple,^ few in number, and are not readily modified, though 
they are often fairly permanent when once formed. ‘ ]>(VLrniug’ ' 
seems to consist for the most part in the gradual elimination of 
useless movements and the establishing of useful ones. 

- There is little evidence of the formation of new types of move- 
ments. A considerable period of training in coiKaa it rating the 
attention upon the object in view seems to l^e necessary Indore 


associations can be formed. 

That instincts may be inhibited is demonstrated in tlie color 
experiments where the fishes gradually ovm’came the im])iilse 
to leap out after paper which, resembles their food in light of 
a certain color when they had tlnis been several times unsuc- 
cessful in obtaining food. Stickleback no. oT, after being re- 
peatedly offered gray paper alternately with jiieces of liv(T, 
refused to spring out after the paper,, 

Fishes do not seem to be capable of anything which might 
properly be called a concept, nor to exhibit memory in the s(‘use 
of having ideas about absent objects, dhey do ivac't mor(‘ 
readily to present objects with which they liave had ('xpi^rience 
in the past, particularly if this experience has been several times 
repeated. There is nothing t() indicate that tlicy able to 
recall an image of their past experience. After some refaction 
of a reaction they form associations and habit . 

Imitation in fishes is well desfaibed by H()bhouse’^ detmition 
of sensory-motor imitation: "the perception of what is done 
discharges a motor impulse to do the same tlimg quite npart 
from any purpose to be served by doing it." >tickh‘])acks which 
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swim in schools show no evidence of an inftlhgent purpose in 
swimming in any particular direction other than that one indi- 
vidual, not always the same one, happens to make a sudden dart. 
The movement is perceived by the rest and immediately followed. 
If one of the fishes chances to obtain a bit of food, the others 
attracted by the motion, are as likely to pounce upon the fortu- 
nate one as they are to attack the food lying close at hand. They 
strike their rival quite as often on the tail or fins as on the mouth. 
If the ^iggregation of fishes into schools represents the beginning 
of social consciousness it must be very dim and obscure. It is 
quite possible that fishes of the same school are attracted to 
each other by characteristic odors and the movements peculiar 
to the species. There seems to be no clear proof of the subor- 
dination of the welfare of the individual to the general good of 
its kind, nor any decided development of a social or gregarious 
instinct. > ’ 

GENERAL SUMMARY 

1. Mudminnows were able to 'discriminate between the fol- 
lowing wave-lengths of light: red 600^ to 730 ^ and green olOju 
to 570//, red 600// to 730//, and blue 420// to 480//, yellow 580// 
to 630 ju, 660// to 710//, and green 510// to 570//, as is shown by 
associations of paper and food with these colored lights (pp. 
462-474). 

2. Varying the intensity of the red and green lights and the 
yellow and green lights from 1.4 c.m. to 4.9 c.m. did not affect 
such discrimination, indicating that the reactions were to color 
rather than to intensity. This conclusion is further supported 
by the fact that fishes which had previously shown that they 
perceived differences between monochromatic gelatin filters were 
not able to distinguish between photographic plates which had 
been ‘fogged’ to different shades of gray (pp. 466-474). 

3. Sticklebacks were not able to discriminate between the 
following wave-lengths of light: blue 420// to 480// and yellow 
580// to 630//, 660// to 710//, but were able to discriminate be- 
tween red 600// to 730// and green 510// to 570//, forming asso- 
ciations of food and paper with them. These associations per- 
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» sisted unchanged even when the relative intensities of these 
lights were varied from 1.4 c.m. to 4.9 c.ni. Difforeiiees in tlie 
intensity of light passing through photographi(* plates *fogge<l’ 
to a light and dark gray were not distinguished tpp. 475-48^1, 
485). * 

4. That sticklebacks form decided associations res])cctiug tlu' 
color of the food which they habitually eat was further shown by 
the experiment in which fourteen sticklebacks in an a(juarium 
were offered food and paper of various colors {])p. 48)1-484). 

5. Although the experiments summarized abo^'c show that 
the discrimination of differences in colors !)y mudminno ws and 
sticklebacks is based upon wa^T'-lcngth rather tliaii intensity, 
it seems unlikely that the color \'ision of fishes is as liighly d(‘- 
veloped as that of man, for sticklebai'ks, at hxist, seenn unable 
to distinguish between blue 420/i to 480^ and yellow oSO/i U) IjilDju, 

’ 660m to 710m. 

6. The results of the experiments with stickle])acks give little 
support to the duplicity theory of v. Kries, but: miglit be (‘X- 
plained upon the basis of Heriiig's theory of opponent colors if 
it is assumed that the yellow-blue substau(‘o is ]a{'kiug. The 
conclusions seem to accord with the \oung-Helmboltz theory if 
it is stipposed that the eye of sticklebacks has none of the blue 
component. 

7. The negative results in the experiments with patterns 
strongly suggest that the discrimination of patterns and differ- 
ences in backgrounds by niudminuows and sti('klobacks does 
not have a very important function in tlunr search for food. 
The perception of color and mo\'cmeni seem lo be of Hkj most 
importance. In sti(‘klebacks the simse of smell is also used to 

a considerable extent. < 

8 The behavior of fishes is stercotyiK'd The assocjalions 
formed are simple, few in number, and not open to remly n:o( ili- 
cation, though they may be fairly permanent, and may involve 
considerable acuity in sensory disorimiiution, .( .uniiif, scni 
to consist for the most part in the gradual elinnnation ()t useless 
movements and the establishing of those which arc useful. 
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Resiimido por el autor, George Howard Parker. 

La organizacidn de Renilla. 

La rapidcz de transmisidn en la red nerviosa del borde del pi^ 
en la cohimna de la anemone de mar Metridium^ fue medida por 
el autor sirviendose del metodo empleado comunmente para 
determinar la velocidad de transmision en las fibras nerviosas. 
A la temperatura de 21°C.^ la velocidad de transmisidn en. dicha 
red nerviosa es de 121 ^ 146 mm. por segnndo. 

Tranilation by Dr. Joag F. Noaidez 
I Coliuabia University 



THE ORGANIZATION OF RENII.LA' , 

G. ir. VAUKKK 

ONK FHIUHK 

The curious sea-pen Renilla is a most favoral)l(‘ form in which 
to study; colonial organization, for the relatively larg(‘ sizi* of its 
autozobi^s and its complete and mitui’al freedom from atta/'h- 
ment make it an umisnaily satisfactory organism for exp(a-i-- 
mental study. The species upon which the work recorded in 
this paper was done was Renilla amethyst ina Vmrill from the 
coast of Southern California, and I am under obligations to tin* 
staff of the Scripps Institution for Biological Rcsiairch at Fa 
Jolla for many courtesies while I was carrying on this work. 

Renilla is unlike other pennalulids in that its racdiis, insR'ad 
of being elongate, is expanded into a broad heart-s}ia])e(l or kid- 
ney-shaped disc, only one surface of which (auries zoidds. Ihe 
pcdifncle is a deshy tail-likc extension and is peeuliar in that it 
is without an axial skeleton. In Renilla aiiudhystiiia the ex- 
panded richis may measure as much as (i or 7‘cm. in hnaidth and 
may caiTy several hundred autozooids and many mor(‘ si])huno- 
zooids. The peduncle, when distended, may r(‘ach the haiglh 
of 5 to 6 cm. Some confusion exists as to the t(Tminology userl 
for the surfaces of Renilla. In the conventional systcan (miplovrd 
for pennatulids the face corresponding to that on winch (he 
zooids arc borne in Renilla is known as the xarntral fac(‘ and flu* 
opposite as the dorsal one. .\s Renilla rests on th(‘ sand m 
natural position the upper face is what according (his system 
would be called ventral, hence this condition has led to some 
confusion in terminology, for not a feu' authors have natundly 

I Contributions from the Zoological^ Laboratory of tiic .Muscu... of Con-para- 
tive Zoology at Harvard College, No. 316. 
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called the upper face dorsal. I shall, therefore, not use the terms 
dorsal and ventral for the parts in Renilla, but shall employ 
superior and inferior as indicated by the natural position of the 
animal. The face of the rachis that is upper when the animal 
is normally at rest and that carries the zobids is superior, the 
opposite face inferior. 

If an expanded Renilla is watched in sea-water its autozooids, 
generally distended, will be seen to exhibit from time to time 
spontaneous withdrawals and expansions. When one these 
withdraws, its eight tentacles' are first folded together, after 
which the whole zooid bends sharply, to one side so as to appear 
to be lying almost flat on the surface of the colony while it slowly 
slips backward into the cavity occupied by it in the colony as a 
whole. The complete withdrawal is accomplished in a few sec- 
onds. In spontaneous expansion the eight tentacles first open 
, at the aperture in the colonial flesh into which the autozooid has 
withdrawn and its body next slowly elongates and rises out of 
this aperture till it becomes fully extended. The process of 
expansion requires also only a few seconds, but is usually some- 
what slower than that of withdrawal. 

In spontaneous withdrawal and expansion the various auto- 
zooids seem to act with complete independence, for no unanimity 
or sequence of response \vas observable among them. The in- 
dividual autozooids are extremely inert to mechanical stimula- 
tion. It is scarcely possible to induce them to respond even to 
vigorous prodding. They are, however, very responsive to a 
faradic current, withdrawing at once when this stimulus is ap- 
plied to them. In this instance, as in spontaneous withdrawal, » 
they act with complete independence and repeated attempts to 
influence adjacent autozooids by stimulating a given one always 
resulted rfegatively. Only under particular conditions did many 
of them respond together. When the flesh of the colony as a 
whole contracted and the contained fluids were thus put under 
unusual pressure, many autozooids— withdrawn but apparently 
relaxed —expanded in unison. Muscular action also appeared at 
times to increase the volume of the colony as a whole and, under 
these conditions, many autozooids simultaneously withdrew. 
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Both these states, however, were quite oh\'iouslv dependent upon 
internal pressure relations and yielded no evidenee in favor of 
the view that one autozoo, d has effective nervous eon.uvtions 
Vith another, and thus acts in unison ^vilh its iieijihhor. In 
fact, the e\ddenee seemed conclusive that so far as nervous or- 
ganization IS concerned the autozodids are strikingly hulepend- 
ent of one another and resemble in this ind(^])eiulcnce Uu* separate' 
fingers of such a sponge as Stylotella. 

The gontrol of the pressure relations within th(' hodv of lleniHa 
Is accomplished by a mechanism tliat has been more or less 
worked out by previous investigators. If a freshly collected 
Renilla is placed in a basin of sea-water, its volume will he found 


to be much reduced and its autozoimls mostly contracted. 
Gradually it will be observed to become more and more intlated 
and its autozooids will slowly ('xpand, as alri'ady described by 
Muller (^64, p. 354). During the time tlu* Ileniila is tilling it- 
self with water, for such the operation is, IIk' pt'dunele exhibits 
rhythmic, contractions that have a striking resemhlanci' to in- 
testinal peristalsis. At each onset of activity a. wavt' of t'on- 
traction can be seen to start in the region wlu're tlie peduneh' is 
attached to the rachis and proceed thence to tlic distal end of 
the ^leduncle. Waves of ibis kind run over tiu' iK'dunch* with 
considerable regularity and occur ordinarily every thirty-(iv(' to 
forty-five seconds. The regular association of this inovt^nK'iit of 
the peduncle with the distention of the body of Hcnilla sugg('sts 
that the activity of the peduncle is th(‘ chi(4 means of accom- 
plishing the distention of the coDny as a whole and the canal 
system within the colony supports this idea. 

If a Renilla is anesthetized with niagiu'sium sulphate and the 
peduncle is cut transversely, this body {‘an ho s('en to consist of a 
stiff-walled tube containing, as has long betm known (Alii Her, 
'64; Verrill, '66-’69; Kblliker, 72; Eiseii, 7(i), two canals, one 
(the inferior) about twice the cross-section of tli(' oUkt. TIk^sc; 
canals arc separated by a thin firm membrane, tlu' transvtTsf' 
septum. If the larger cavity is injected witli s(‘a-wat(T contain- 
ing some indifferent coloring matter in solutifap such as m{‘thy- 
lene blue, the colored fluid passes freely into the cavities of the 
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rachis and flows out with equal freedom from the mouths of the 
autozooids over the. whole superior surface. If a similar injec- 
tion is made into the smaller cavityj the colored fluid flows out of 
only one orifice. This is near the middle of the superior face of 
the rachis, and at the end of an axial band of somewhat smooth 
tissue that leads from near the root of the peduncle over the 
rachis to the region of its center. This orifice was first identi- 
fied by Muller (^64, p. 354), who described it as the general inlet 
for the Avhole canal system of Renilla. Kolliker (72) s^pected 
it to be the mouth of the axial zooid, but Wilson^s Studies (’84)* 
on the embryology of Renilla showed it to be a much enlarged 

B 



Fig. 1 Diagram of a median section of the rachis (Ji) and' the peduiicfe (F) 
of Renilla, showing the orifice {0} into the superior canal (*S’), which, near the 
distal end of the peduncle, connects through the tfansverse septum with the 
inferior canal (/). This in turn communicates with the bases of the zotiids (Z), , 
whose months are open to the exterior. 

siphonozooid. It was believed by Wilson (’84, p. 725) to be an 
exhalent orifice, the other siphonozooids serving as means df.^‘ 
entrance' for the water. If the connection of this orifice with the 
smaller cavity in the peduncle is dissected out, it is found to be 
i well-denned tube, extending from the external opening ' over 
the superior face of the rachis, where its course is marked by the 
band of smooth tissue already referred to, to the peduncle, 
down w'^hose whole length it can be followed as the superior canal 
of that structure. The inferior canal in Renilla can also be shown 
to extend from the end of the peduncle through the length of that 
structure and into the inferior poHion of the rachis, where it 
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through the mouths of these individuals with the oxlerior, 

. In the rachis and the proximal part of the iieduncle the two 
systems of canals, the superior and the inferior, are eoinplet.'lv 
distinct and fluids injected into one system luwer lind Uieii' u av 
naturally into the other. This is not trac of the distal part of 
the peduncle. Here an injection driven distallv into one can-d 
flows 0 ^ freely from the other, showing that the two canals have 
ready nians.of coinmunication. The passage from one canal to 
the other seems to be dependent upon one or mor(> pores in the 
transverse septum. I found no evidence of a tenninal poiv con- 
necting the interior of the peduncle of Renilla with IIk' outer 
sea-water as described originally by Alidlcr (T)4, p. .'iol) and 
more recently for other pennatulids by l\Ius|rrav(‘ (’()!)). 

.From this description of the anatomical relations of the canals 
and other cavities in the body of Renilla and from tlio observed 
activities of this pennatulid, it is clear tliat tlie pedimele is a 
highly differentiated structure connected witli the inflation of 
the colony. In Renilla the peduncle is not used so generally for 
burrowing as in many other pennatulids, nor is tluTc reason to 


suppQse that it is especially concerned with locomotion. Tlie 
fact that a specialized orifice (fig. 1, ()) on the su{)erior surfac(' of 
the rachis {R) in Renilla leads directly into the superior canal 
(*S), which near the distal end of the peduncle iP) coinmiinicates 
with the inferior canal (/) and this in turn opens out througii 
the mouths of the autozoriids (Z), is sufficient wlicm taken in 


connection with the peristalsis of thi; pcdunck^ to suggr'st tlfat 
this is the system primarily concerned with the inflation of tlie 
colony and consequently with its internal curr(Mits, In wlnit 
direction these currents set through th) system, lK)\\t\’cr, has 
never been accurately determined. Agassiz f’oO, p, lx*- 
lieved that the water entered and left Renilla through tlu^ mouths 
of its autozooids. Aliiller (’64, p. 354 j stated that th(‘ wat(T <‘n- 
tered through the large central siphonozooid first id('n(ifieti by 
him, Wilson (’84, p. 725) regarded this opening as the outlet 
for the system, the wafer entering through the other sij^liono- 
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zooids; thus a direction the reverse of that implied by Muller 
was suggested. Possibly the current may take either direction, 
depending upon circumstances. These are questions, however, 
that must be tested out on living material. The point to be 
emphasized here is that, though the autozooids are extremely 
independent in their individual activities, they may be unified 
in a measure in their actions by the single organ for inflation, 
the rhythmically contracting peduncle, which thus serves the 
colony as a whole. 

Although the autozooids of Renilla exhibit great independence 
in activity and give evidence of only a slight unifying principle 
that is almost purely mechanical, there is another feature in the 
activities of this pcnnatulid that exhibits for the colony a much 
more fundamental form of unity. This is its phosphorescence. 
This peculiarity of Renilla was long ago observed by Agassiz 
(’50, p. 209), and in consequence of the brightness of the light 
produced by this form it has commonly been listed among the 
highly phosphorescent animals (Mangold, TO-14, p. 250). 
Its phosphorescence is characteristic of the night,. If a living 
specimen during the day is carried into a dark room and stim- 
ulated, it will show no phosphorescence. If it is stimulated at 
night by being prodded with a blunt implement or by thg ap- 
plication of a faradic current, waves of light will be seen to run 
over the superior surface of its rachis. That the phosphorescence 
is developed in the dark can be seen by keeping Renilla away 
from the light during daytime. Such an animal, after having 
been put in the dark, will show no trace of phosphorescence for 
some time. After an hour or two, depending upon the inde- 
vidual, a few phosphorescent points will appear on stimulation, 
and in from two to three hours waves of phosphorescence will 
course over the whole colony at each stimulus much as they do 
at night. This condition may be maintained so long as the an- 
imal is kept in the dark. It is lost in a quarter to half an hour 
after the animal is returned to the light. In this respect Re- 
nilla is like the ctenophore Mnemiopsis, whose phosphorescence, 
as shown by Peters (’05), develops in the dark, but is inhibited 
in the light. 
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The phosphoreseonce of Renilla is limited to (ho superior sur- 
face of the rachis. and when this surface is scrutiuir.od closelv 
under a hand lens, it is found that the phosphoresc.mco is not, 
a property of the whole surface, but appears ouK' iu certain al- 
most microscopic white granulations. Those occur around the 
openings in the common flesh through which (he autozo,ii,ls 
emerge and particularly on the siphonozoOids. tVlum these 
small white granules are touched with a fim' needle-point, (liev 
can be seen to shine for a considerable time with a l)ri^ht blue- 
pen light. ‘ This individual activity is easily exfdtial, hut it 
-IS not the characteristic form of luminous response'. If an an^a, 
on the superior surface of the raehis is vigorously stiinulateil 
mechanically or by a faradic current, waves f)f ])hosphorese('ti(v 
sweep from this area as a center over tlie whoh^ of the sup(*rior 
face of the raehis. Ihese waves succeed one anotlua* at such a 
rapid rate that the wdiolc su])erior siirfaei' sfT'ins to l)(‘ (‘ovravd 
with a rippling glow emanating from the ivgion of stimulation. 
After the application of the stimulus the luminous ri'sponsf^ 
quickly subsides. 


The general luminosity just doscrila'd may Ik* (‘xeite<l from 
any point on the superior surface of llu' raehis. \\\m\ tlu' (‘dg(‘ 
of -thfi raehis is stimulated, w'aves semieireular in foi’m emanate 
in rapid succession from the stimulated spot. W’Ihm) a central 
position is chosen for stimulation, rho waves pass out as ev(T 
enlarging circles concentric about tin' [)ojnt stiniuhited. A close* 
scrutiny of each wslyg shows that it not due to a giaieral j)hos- 
phorescence of the whole surface, but is the n'suH of sueeessivi^ 
glowiiigs of the w’hite granulations already mentioiu'd. It is 
difficult to understand how these successive activities an* iiidiUTsl 
unless it is assumed that the luminous points an* all eontnilhsl 
by a nerve-nct whose form of transmission is r('tk‘et(‘d in tlur 
out^vard moving circles of light. Since individual granule's may 
be made to glow brightly and persistently, it is [dain that the 
light of one granule does not autoimitieally excite iIk* next and 
so on thus resulting in a wave of luminosity. The whole pln^ 
nomenon presents much more the appearance of a field of mimiti; 
luminous organs innervated by a nerve-nct of an unp(dariz(Ml 
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type and, ' therefere, capable of transmitting < in its own plane 
from any point as a center radially in all directions. But, how- 
ever transmission may be explained, the luminous response of 
Renilla belongs to that category of reactions that involves the 
organization of Renilla as a whole and, though the transmission 
is obviously of a diffuse character, the luminous response is much 
more indicative of colonial unity than, for instance, the action 
of the aiitozodids is. 

The relations pointed out in this paper are not without a cer- 
tain morphological interest. The unit of structure of such a 
colony as that of Renilla is quite obviously the zooid.^ Each , 
zooid is made up of cells combined into tissue and these kito 
organs. Thus each zooid exhibits, a series of graded relations 
that are also characteristic of any metazoan individual. It has 
long been recognized that most protozoans arelunicellular and 
hence cannot be said in any, proper sense to have tissues or or- 
gans, for these are always formed by combinations of cells. It 
is obvious, however, that the single protozoan cell' often has 
special parts that perform particular functions in precisely the 
same way that the organs of metazoans do. As these parts can- 
not be properly designated as organs, they have been termed 
by some organellae. If it is inappropriate to speak of oi^ans 
in protozoans because this term should be restricted to the mul- 
ticellular parts- of the metazoan individual, it is also inappro- 
priate to use it in reference to a structure in a metazoan colony, 
even though it may there perform a special function. Thus 
while it is quite appropriate to .designate the tentacle of a zooid 
in, Renilla as an organ, for it is a multicellular functional unit 
in a single individual, it is not appropriate to speak of the pe- 
duncle of Renilla as an organ, for this is a structure that serves 
the whole colony of individuals. Such structures stand above 
ordinary organs as organs stand above organellae. -They might, 
therefore, be called superorgans. In Renilla they are repre-^ 
sented not only by the peduncle as a structure concerned with 
the inflation of the colony as a whole, but by the nerve-net that 
controls colonial luminosity. Superorgans give a unity to a 
colony that is often unexpressed in the individuals of which it 
is composed. 
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Resumido por la autora, Mary B. Stark. 

Un tumor hereditario. 

El presente trabajo es un estudio de un tumor ligado con el 
sexo, el cual aparece tan solo en la mitad de las larvas que han 
de producir machos^ en la mosca de los frutos^ Drosophila, cau- 
sando la inuerte de dichos machos. Se ocupa de esta materia 
bajo los siguientes epfgrafe : 1). Desarrollo del tumor a ex- 
pensas de una suspension de sus celulas. Estas suspensiones se 
inyectaron en moscas adultas y en gusanos de la harina (Tene- 
brio), en ambos de los cuales tuvieron lugar'creoimientos anor- 
males que eventualmente causaron la muerte de las mosca o 
del gusano. Los tumores se mantuvieron vivos en una got a 
pendiente dc 4 solucibn de Locke y presestaron desarrollo 
ulterior. 2). El tumor no se debe a un microorganismo. Todos 
los medios de cultivo de uso corriente en los laboratories fueron 
inoculados con suspension de celulas del tumor e incubados bajo 
condiciones aerobias y anaerobias sin que se produjese creci- 
miento alguno. Las moscas fueron criadas en medios esteriles, 
bajo condiciones de absoluta esterilidad, pero los tumores con- 
'tinuaron desarrollandose lo mismo.que antes. 3.) Desarrollo 
del tumor. El tumor se desarrolla en elementos embrionarios 
destinados a producir los organos del adulto durante el estado 
de ninfa. Su desarrollo se inici^^- con una excesiva produccibn de 
melanina la cual, a su vez, aumenta la proliferacibn celular. La 
melanina existe normalmente en las celulas ganglionares y estas 
celulas estan en relacibn con algunos de los rudimentos cm- 
brionarios por medio de fibras ganglionadas. 4.) Presencia de 
metastasas. Las metastasas sc prcsentan normalmente en las 
larvas con tumores. El trabajo esta ilustrado' con doce figuras 
en laminas, que representan diversos estados de desarrollo del 
tumor en los diverso^udimentos embrionarios. 

Translation by Dr. Jos4 F. Nonidez 
Columbia University 
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AN HEREDITARY TlAiOli 

MAUV H. S'l'AHK 

From The Xeic York Mcdiral Vollrgt' uittl Jhisjotol (ay \\'(»!i</, 

TWFLVK KICl'Rh:,^ (TlillKK TLATHs'l 

A report has already been made of the inje('lit)n of timior-ei'll 
suspension of Drosophila into normal larvae {Jour, of ('ane. 

^ Res., July, HR8), Although nearly (me-half of these larvae sur- 
vived the operation and were aeti\’e for at least tweha* hours, 
they eventually died without camipleting metamoiphosis. D('atli 
may have becn%ue to the toxic effects of the cell siisi^endon or 
may have been due to infection, ddie lain ae from which tumors 
were removed and the larvae into whi(“h the (a'll sus|)ension was 
injected had been washed n^peatedly in st(’rih‘ wat(a‘. Ibis 
would not, however, be sufficient to rid tin^ lar\'ae of all l)act(‘ria, 
and some may have entered the body ca\'ity with tlu* pipette, 
in which case infection could easily result. 

' Air attempt has been made to transplant the tumor into the 
adult fly. Sixty flies have hm\ injected ^vilh a stcrik‘ tumor- 
cell suspension. A large percentage of these flies survived the 
operation and lived from twenty-four to thirty-six ho\irs, Only 
10 per cent, however, continued to live. The great luortiility 
is again probably due to infection, brought on by contaimna- 
tion It is almost impossible to produce a clean surface on l ie 
fiv for inoculation as the least moisture on the body of the iiy 
will entangle the wings and legs and cause the fly to become 
stuck to the side of the container or to the food I tried cu tmg 
off the wings to prevent this, but these flies did not suryn'c any 
better than the others. Two of the siy^fl.es tlia continue to 
live developed a dark spot within the place o mocnU 
These flies were fixed, sectioned, and stained. ■ n nuiros . 
miSnation, the spot in each fly was found to be an ahnorma 
growth. In one fly the growth was found near the surface just 

m 
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below the place of inoculation and in the other fly it was deep 
in the thorax, between the muscles, and spreading into one of 
the muscles. Both growths were deeply pigmented and looked 
very much like old tumors of the larvae, where the cells have 
become so crowded with pigment that the cell outlines are en- 
tirely lost. Figure 1 shows a section through the center of the 
tumor. Near the periphery of the growth may be noticed cells 
that are not so densely pigmented. These cells resemble those 
of the tumor originally injected and evidently must* have de- 
veloped from the injected tumor cells. That the tumors could 
be kept alive and could even increase in size in a medium outside 
the body of the fly larva was ascertained in the spring of 1916, 
when very young tumors were removed from larvae and’ placed 
in a hanging drop of sterile Lockers solution, sealing the cover- 
slip with vaselin. In this condition the tumors were kept alive 
for several days, during which time a perceptible increase in 
size was noticed, also a change from a light tumor to a dark 
mature tumor by the increase in the amount of pigment. If 
only a portion of the tumor was placed in the hanging drop 
there was, an irregular spreading of the cells as growth continued. 
. The mortality due to the operation was considerably decreased 
by repeating the last experiment under absolutely asepti?? con- 
ditions. The tumors of larvae bred on sterile media in Erlen- 
meyer flasks, and the flies operated upon were also reared on 
sterile media. Table 1 gives the results of this experiment. . 

One hundred and eighty-two flies were operated upon. Of 
thescj seventy-three died from the effect of the ether. The 
forty flies that died within twenty-four hours were never very 
active and probably died from the effects of the operation. 
The remaining sixty-nine flies recovered from the operation and 
were very active and normal in their behavior until just before 
death, when they became sluggish and inactive. Of these, 
twenty-nine died within forty-eight hours, thirteen within three 
days, six within four days, and twenty after one week. Of the 
flies that recovered from the effects of the ether, 36.69 per cent 
died from the operation and 63.30 per cent died from the effects 
of the tumor suspen^on. 
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One fly developed a tumor visible to naked (n-e. Several 
of the flies that died were fixed and prepared for niieroseopie 
examination. In two of these were found abnornial tissues. 

As a control, sterile Locke’s solution was injeeted into one 
hundred flies free from bacteria. Of these, thirty died from the 
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effects of the ether, twenty-eight from the operation, while 
forty-two recovered and continued to li\'». ^ 

Since the injected tumor cells developed in the adult fly and 
since tumors could be kept alive in Locke's solution and show 
growth in the same, there is evidence that the tumor cdls when 
placed in suitable media will grow outside the body of the larva. 
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It is possible that the death of all the lame into which the sus- 
pension was injected may be partly’ due to the toxic effects of 
the tumor cells injected and partly due to the effects of tumors' 
developed from the suspension. The larvae did not live suffi- 
ciently long to allow the growth of tumors large enough to be 
seen with the naked eye, but some development must have. taken 
place. The adult tissues of the fly are more resistant than those 
of the larvae and are not so much, affected by the toxic products 
of the tumor-cell suspension. The flies continue to live suffi- 
ciently long to allow the develppment of a tumor from the in- 
jected tumor cells. Death occurred sooner or later, however, 
and it is evidently due to the development of a tumor from the 
injected cell suspension. 

MEAL-WORM INOCULATION 

Hoping to increase the percentage of tumors developed from 
tumor-cell suspension, it occurred to me to inject the suspension 
into larger insects. The meal worm was tried, since it is easily* 
obtained and lives as a larva two years, a period more than 
long enough for the development of a tumor. 

The tumor-cell suspension was prepared as*before. The^meal 
worms were washed in alcohol and kept, in sterile Petri dishes 
until the wounds healed. ' The inoculation was normally made 
between the seventh and eighth pleurites. Two sets of controls 
were used: one Lockers solution and the other normal-cell sus- 
pension in Locke’s solution. Two weeks after the inoculation, I 
noticed in many of the worms that had received the tumor-cell 
suspension the appearance of small black spots. These spots 
were often near the place of inoculation, but were also found in, 
other regions of the body. Some of these worms were killed and 
the regions with spots were fixed, sectioned, and stained. Mi- 
croscopic examination revealed the fact that they were abnormal 
growths. A section through the growth, as in figure 2, shows the 
center to be made up of a necrotic area surrounded by a new 
growth of the connective-tissue cells of the meal worm.' All 
the growths examined were similar in structure. It looks as 
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the injected substance, in which dcRonn-atioi, has occuiTcd 
brought on by the new growth of the ,u«il worm, 

At first I did not notice any spots in the eontrots, |,„t later 
they appeared m as great numbers in tlie worms that liad re- 
ceived the normal-cell suspension as in thos.. recei^ in^ tl,e tumor- 
cell suspension. 


Table 2 gives the number of meal worms inject, h1 with Imimr- 
cell suspension, normal-cell su.vpimsion, ■ and Locke’s solution 
respectively, and the number of new' growths developed. Sine,' 
these abnormal growths occuired' in the controls as well as in 
worms receiving the tumor-cell suspension, it is m idciit that they 
are not all due to the injected tumor eoils, lint rather to an 
infection. The growths resemble very much the tuberck's (kv 
scribed by Adarai. I tested the suspension for sterility after this 
and isolated many of the ordinary bacteria. Of tlii'se 1 iiijej-ted 
fifteen-hour broth cultures of Staphylococcus and also B. sul)tilis* 
into meal worms. The worms receiving the slaphyloeoeei diial 
within twenty-four hours. Those receiving B, subtilis (‘ontin- 


ued to live and eventually developed growths like tliose alnauiy 
described. Since this inoculation was done under absolutely 
aseptic conditions-^the broth having been sterile to all organisms 
excepting B. subtilis, the pipette sterile, and the place of inocula- 
tion on the worm kept moist with 85 per camt alcohol for ten 
minutes— it is evident that the growth is due to an inlection 
brought on by B. subtilis. 

I have repeated the experiment of injecting tuinor-c('ll sus- 
pension into meal worms under absolutely aseptic conditions, 
that is, sterilizing the fly larvae in 85 per cent alcr)ho], leaving 
them in ten minutes, washing the meal worms more carefijlly, 
and sterilizing the Locke’s solution after each time used. Thr? 
suspension was tested each time for sterility, and if found not 
sterile, the wmrms having received the injection were discardf'd. 
Results are shown in table 3. No tumors develo])ed in the meal 
worms receiving the Locke’s solution and normal-cell suspen- 
sion. Of those that received the tumor-c('ll suspension, two 
developed tumors and died. Seven other \\'oi'ms that died 
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*ncarly four weeks after the operation must have died from the 
effects of the tumor-cell suspension. The tumors, if any had 
developed, were too small to be seen through the thick exo- 
skeleton of the meal worm. All these worms had been dead 
too long for microscopical examination, and it cannot be said 
definitely that tumors had developed in the last seven worms 
mentioned. The meal worms seem more^resistant to the inocu- 
lation of the tumor-cell suspension, since 57.5 per cent of the 
worms inoculated remained normal. It is to be expected that 
the tumor cells cannot be transplanted successfully into all 
insects. Erwin F. Smith has had the same experience with his 
croyvn galls.- Some plants, he found, are too resistant for the 
development of the gall when cells of the same are transplanted 
into them. (Johns Hopkins Hospital Bull., Vol. 28, 1917.) 

THE TUMOR NOT DUE TO AN INFECTION 

Since the tumor of Drosophila is hereditary — occurring ex- 
actly in one-half of the males in every generation-— it does not 
seem probable that it is due to an infection. However, sus- 
ceptibility to dn infection may be hereditary. In that ease the 
infection is possible only in the presence of the microorganism to 
which susceptibility is hereditary and the tumor could develop 
only in the presence of the specific microorganism. To deter- 
mine whether the tumor is due to an infection or not, I made an 
attempt to isolate a specific organism. L sterilized larvae with 
tumors, removed the tumors, exercising all aseptic precautions, 
and ground them into pieces in some Lockers solution. All the 
ordinary laboratory media were inoculated with this cell sus- 
pension and incubated under both aerobic and anaerobic con- 
ditions'. Twice I got a growth of B. subtilis, otherwise no growth 
whatever. B. subtilis is . a saprophyte commonly found in tu- 
mors and is probably not the cause of this tumor. Before pre- 
paring special media for the specific organisms that might be 
the cause of the tumor, it occurred to me to cultivate the flies in 
which the tumor occurs undeT aseptic conditions. Eggs were 
picked and sterilized in 85 per cent alcohol for ten minutes. 
They were then transferred to sterile media in Erlenmeyer 
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flasks. The culture media which pr()^’(Hl most satisfactory was 
the banana -yeast-agar method, bastMi on the work of several 
ipestigators. The formula used was that ivcommendcal by 
Baumberger (Scieriee. T7). dlie media <*onsist(^d of „n(‘ cake 
yeast dissolved iii 50 cc. of water added to one-half do/aai masiu'd 
bananas, mixing thorouglily and allowing it to ferment for 
twenty-four hours. This was pressed throiigli a cloth and the 
resulting liquid Ijeated with 1.5 grams agar-agar i)ra‘ 100 .*c. and 
poured into Erlenmeyer flasks, plugged and steriliztal in \u\ 
Arnold sterilizer three successive days. Thirty st(n’ih' eggs wvro. 
placed in each of four flasks. Lar\a\e with tumors appcvired in 
all the flasks. Larvae from each flask wore removed with a 
sterile platinum loop and placed in \)h\m broil) sugar broth 
and allowed to crawl over slant agar. On t^vo of tlu^ slant agar 
and in one dextrose broth I got a ]mre culturc^.of yeast, but sterihi 
otherwise as regards bacteria. The yeast is neccssjirily pivscnt, 
since it is the chief food of the lar^’ae. At regular int(Tvals 
the medium in the Erlenmeyer flasks was t(‘s(ed for its sterility 
and was in every case found free from bacteria. Wlnni the flii's 
emerged from their pupa cases they were jiassed into otlier 
flasks with fresh, sterile media. Some w('rc passed into slant 
agar 'tubes and allowed to walk over the agar, d'lu^se tulx^s 
were incubated, but no growth occurred except a pure culture 
of yeast on one agar slant. Erom the eggs laid by tluj sterih; 
flies larvae hatched ' which developed tumors. Those larvae 
were tested for sterility as before and were found free from bac- 
teria. Since the tumor is developed in larvae bred in absolutely 
sterile conditions, it is quite evident that it is not ^ due to an 
infection, taking for granted that an absolutely sterile coiulilion 
means a condition not only free from the ordinary baidcria of 
contamination, hut also ultramieroscopic Organisms. 

It is known that in certain diseases the infection is due to the 
presence of microorganisms within the eggs, the eggs bcx-orning 
contaminated from the mother before enclosed in the onter sluT. 
To determine whether the egg is 'the source of inh-ction in the 
case of this hereditary tumor, hundreds fjf eggs laid upon st('rile 
media by flies fre^ from bacteria were picked ainl ground up in 
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’ sterile Locke's solution. All the ordinary laboratory media were 
inoculated by this suspension and incubated under both aerobic 
and anaerobic* conditions. No growth appeared. The sterile 
egg suspension was also mixed with the sterile media upon 
which stocks of flies without tumors were reared. The larvae 
that fed upon this food contaminated with the egg suspension 
developed normally. 

The suspension was also injected into adult flies. The flies 
that survived the operation continued to live and to produce 
normally. The egg is evidently not the source of infection. 

DEVELOPMENT OF THE TUMOR ■ 

Tumors have been found to occur in various regions of the 
body of the larva. Whether it occurs more often in any par- 
ticular region has not yet been definitely detennined. Sections 
of larvae show, however, that the tumor occurs in embryonic 
tissues destined to build up- the adult organs during the pupa 
stage. These tissues are spoken of as imaginal disks and imagi- 
nal rudiments. 

In the dorsal region of the thoracic segments of the larva there 
are six groups of embryonic cells or imaginal rudiments in which 
the tumor may take its origin. Figure 8 shows a tumor de- 
veloping in the two anterior rudiments. Figure 4 shows the * 
tumor developing in the posterior rudiment. In the early 
stages of the development of the tumor the cells of the imaginal 
rudiment begin to deposit pigment. As development goes on, 
there is a tendency for the pigment cells to be pushed toward 
the periphery by the rapidly proliferating cells of the rudiment 
and there become deposited in laminated layers, as shown in 
figure 3. Figure 4 shows the entire rudiment encapsulated by 
the pigmented, flattened, peripheral cells and entirely separated 
from the other rudiments. The laminated layers of flattened 
cells may again be surrounded by proliferating cells, as shown 
in figure 4. 

The tumor may also develop in the ganglion of the proventric- 
ulus. This ganghon consists of a number of large cells very 
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loosely connected with one another. Crannies of brown pi-‘ 
ment are normally present in these cells, The Kanfriion fonns'i 
crutch over the anterior portion of the pr<n-enttienlns. ^rivin;, „ir 
ganghonated nerves to it and the chyle stomach, also on each 
side to the salivarv' glands, terminating in ganglioiiateil plexuses 
in the wall of the gland. .\ dorsoventral section of the g;inglion. 
(fig. 5), shows an early .stage in the development ofllielmnor' 
There is an increased number of cells as compared with the nnni- 
ber of cells present in the ganglkm of normal larvae. There is 
also an increase in the amotint of pigment. Figure h shows a 
later stage in development, where the tadls have Itecome eoinpacl 
with pigment. 

Very often, when the provcntneuliis gnnglion ber'oines alTi'cted, 
the cells of the salivaii^'^ glands become loaded with pignifait, as 
sho\\n in figure 7. Sometimes only gland heconu's afT(‘e((‘d 
(as shown in fig. 5, Jour. Cane, lies.), where the hft gland is (en- 
tirely permeated by pigment and the mitire gland seems hard 
and, in places, very much shriveled. In iIk' Jour, Cane, Ih's., 
July, 1918, figure 2 shows the ends of the two glands alTect(ML 

In the anterior end of the salivary glands are the iimiginal 
cells of the adult salivary glands. Thes(e (*ells have also hvow 
found affected as have the imaginal cells of llu' proventriculus 
and also those of the chyle stomach. The o('so|)hageal ganglion 
has in two cases been found increased in siz{‘ and ahiiormally 
loaded with pigment, and in these cases the inflation has sjm'ad 
to the imaginal cells of the oesophagus. 

The tumor found so often in the posterior end of 1h(‘ larva 
takes its origin in a group of embryonic colls clos(‘ly associated 
with the nerve cells of the pericardial plexus, found on thv 
margin of the pericardial septum. The nerve cells nvv large*, 
bipolar cells with large vesicular nuclei and distinct nuclei. 
They are loaded with brown granular pigment in tin* normal 
larvae. Figure 8 shows the initial stage in the production of 
pigment in a group of cells underneath the pericardial se[)tum. 
Figure 6 shows a great increase in the number of cells and a 
tendency to push the pigment cells toward the pcriplua’y. fig- 
ure 1 from the report in the Jour. Cane. Res., July, 1918, is a 
section of a matured tumor developed in this region. 
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In the spring of 1916 an interesting mutation arose in the 
form of a pigmented bar on the ventral surface of the last ab- 
dominal segment of some of the larvae with tumors, as shown in 
figure 10. Microscopic examination of a cross-section through 
the bar revealed the fact that the pigment was deposited in the 
large hypodermal cells of this segment, as shown in figure 11. 
The bar was always perfectly shaped, as shown in figure 10, and 
appeared only in larvae with tumors (fig. 12). An attempt 
has been made to separate this mutation from the stock, but 
this attempt has as yet not been successful. 

The. tumor wherever developed is characterized by the pres- 
ence of pigment, which increases excessively in amount with the 
proliferation of the tumor cells. Pi^ent is normally present in 
ganglion cells, of the fly lar\m and, since|-the tumor usually de- 
velops in cells closely associated with pigmented ganglion cells, 
it may be possible that the pigment is derived from the ganglion 
cells. The excessive production of pigment is probably due to 
imperfect metabolism. Adami says: “It may well be that the 
extraordinary deposit of melanin in melanotic tumors, far from 
being a progressive acquirement, indicates a deficiency in the 
disintegrative mechanism of the cell, whereby the normal, final 
stage of colorless chromogen formation or of protein disintegra- 
tion is not reached/’ May not the imperfect metabolism which 
is the cause of the excessive production of pigment also be the 
chemical stimulant productive of abnormal cell proliferation? 

^METASTASES 

Alention has already been, made of the presence of more than 
one tumor in a larva. As many as fifteen have been observed in 
some larvae. Most of these tumors were very small, however. 
The smallest tumors are often found lodged within the dorsal 
aorta. It may be that cells from the primary tumor have been 
carried by the blood into the dorsal aorta where they develop 
into secondary tumors or metastases. In a number of larvae, 
tumors have beeib observed in all the regions described above 
at the same time. . In other larvae, the large primary tumor may 
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be one of tlie^o regions and the snuilhT (udhrs nuTt^ly sec- 
ondary tumors developed from cells derived irom tiu' primarv 
tumor and carried by the blood to imothw region of ilu‘ body. 
_ The so-eallcd secoiahiry tumors are made up of (,qis similar 
in character to those of the primary tumor. tMuai tlu' primary 
tumor is large and irregular in sha])e, portions of it (‘an easily be 
broken off by pressing and manipnlathig tin* tnnmr in the l»ody 
cavity and can be pushed through th(‘ body (*a\itv, away from 
the large tumor. Metastases, thus artiheially produced,' havts 
after an interval of a day or two, shown increase in size. It is 
not improbable that the metastases are normally formed by 
pressure against the tumor as the larva Iruvs through the food 
and thus breaks away small portions of tlu^ tumor wldcli mr 
carried by the blood JfO other regions ol tlu' body for hulgmeiit 
and further development. 

Irregularities in the mitotic tiguiTs oi rapidly growiiig tumors 
have been noted. Investigation of th(‘S(‘ is l)(hig c(mtinu(“d 
and a report on them will be reserved foi' ajiotlier pai)or. 


.^rMMAHV 

1. Cell suspension from an hereditary tumor in the fiy Dro- 
sophila \vas injected into adult flies. Abnonnal growths o(‘- 
curred in some of the flies and caused tluir (huth. 

2. Tumors were kept alive and sho\v(‘(l furtlHV din clopimait in 
hanging drops of Locke’s solution. 

3. Tumor-celi suspension was injected into naad worms, Imt 
the resistance of some of them was .too great to allow thedc*- 
\'elopment of many tumors. Only a small p(‘rcciitug<,‘ di(‘d and 
only two of these had tumors visible to the naked (waa 

4. All ordinary laboratory media were inoculated with tumor- 
cell suspension and incubated under aerolhc and anacTobic con- 
ditions. No growths occun’ed. 

5. The flies were bred on sterile media nnd(‘r al)sohit(dy 
sterile conditions, but the tumor continiu'd to de\'elop as befon* 
and is, evidently not due to a mici'oorgani.un. 

6. The tumor develops in embryonic rediments. destiiu'd to 
develop the adult, organs during the puj)a stage. 
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7. Development of tumor is initiated by excessive production 
of melanin. 

8. Melanin occurs normally in ganglion cells, and these cells 
are related to some of the embryonic rudiments by ganglionated 
fibres. 

9. Metastases occur normally in many of the larvae with 
tumors. 

10. A mutation occurred in certain flies of such a kind tMt 
pigment appeared in the hypodcrmal cells of the ventral surface 
of the last segment forming a pigmented bar. It occurred only 
in larvae that had tuinora 8o far the character has not been 
separated from the stock with hereditary tumor. 
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PLA'rK 1 


EXPLAXATiox OF Fi(;i:]n-:s 

Allfisurosweredfuwmviththoiudofacamorulucidti.ii^i])^ a [ itiiii. ()I)jc('tivi' 
and ocular no. i with tube length of lOo min. except figure 9 for which ocular 
no. () was usc<l. 

1 .V section through tlie center of a tumor developed in a fly after inoculation 
with fuiijoi'-eell suspension. 

‘i A section through the cimter of a tiiinor developed in a meal worm after 
inoculation with ttmior-eell susj)cnsioii. 

3 A section through the dorsal imaginal rudiments showing tumor develop- 
ing in the two anterior rudiuieius. 

4 Same, with the tumor fully developed in posterior rudiincnt. 




PLATE 2 

EXPLANATION' OF FIGURES 

5 An ojirly stage in the development of a tumor in the provent rieuliis ganglion 
located between the brain and the proveritriculus. 

t) An earh' stage in the development of the abdominal tumor showing 
increase in the number of cells and a tendency to i)ush tlie pignieni ceils toward 
the periplnu’v. 

7 Cells of the salivary glands loaded with pigment. 

8 Initial stage in the production of pigment in a group of cells underneath 
tlie pericardial sejitum. 
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KXI'LAXATION- OF FIorilF-S 

!) A loitucal lunior in pnnA'tiiricuhis ^aniilioii. 

10 PiiiiiH'iilod bar on tlic viailr.-ii surface of I he last alnloiiiitial scgniciil of 
larva with a tumor. 

11 Sccliou ihrougii saiiic. showiiig pigment in liypoth'rmal cells. 

It! Same, slunviiig relaliftn to !li(‘ otlu'f tissiu's ami tlu; tiiinor. 
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l‘\nKi:ii, ( I. II. 'I’hc oruianizatioii of Kenilla 4'J1) 
I'eitiiie in IVroiiiyscus. Studies of nonint! 
inonll and of aitifieiall.v luil'.iced reneti- 

eration of 73 

Pei'oiiiyscns. Sindies of nonnul moult :m<l 
of iiililiei'div indneed reiicnenttion of 

Itelattcin 73 

I’liaeocytosis in the eitnietil ejiithefinin, 
Denionstration <if ci)itlieli;il movement Hy 
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(ions on 37 
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skin and in the |iia:ment cells of the refimi 
of the fiotf. The etfect of adrenin on the. 3ttl 
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. etfect. ^ of inbieediiie with oelocfioii, on 
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fcels of feedim' indin to normal ;tml fhy- 
roidecloniized tadpoles. Studios on the. a!)' 


II. (.‘omparison of the iliyroid s'latid.s 
of iodiii-Ied and norma! fruit larvae, 


Studies on the. _. 417 

Henilla. Tlie oritaiilstation of fill) 

Hetiiia of the The effect of adiTiiin 
on (he imtinent iriigiatiui) in tlie nieliiiro- 
lihores of the skin and in the pistment 

cells of the ...._ _ . 301 

Keveisioii in the sense of urientutioii fsi littlif 
in tlic colonial forms, Volvox fflohator and 
Pan dor ilia iiionim 307 


Hoitniers, Elaier. Fluctuations in a reces- 
.sivc \feiulclhui f-haracter ami splection , , 1.57 


S CHMIDT, Peteu. .\nabiosis of the earth- 
worm 57 

St'laciiii to injections of vtirioms non-toxic 
solutions and sus{)eiisioMS (iiicludinit vital 
ilj’Csi, and to oxtuT'tory toxins. The ve- 

actionof 101 

Seh'ction, Fltjcfuations in a recessive Meii- 

deliaii chiiiacter ami 1.57 

— on the sex ratio of the tilliino rat. 
Studies on iiihieediiia. Ill, Tlie effects 

of inhrecrlimj, with 1 

Sex ratio of tiic iilhino rat. Studies on in- 
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th(' fro a. The effect of adrenin on tlie 
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Slaininc, with observations on phagocytosis 
ill the corneal epithelium. Demonstra- 
tion of epithelial movement hy the use of 

vital 37 

Stakk, .Mart If. .\n hereditary tumor 51)7 

Stick lei lacks. Associutiem and color liis- 

criiniiifitioii in iiitidminnowb and 113 

Suckling and the rate of enibryonie develop- 
ment in mice. Observations on the rela- 
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Swisui.t;, U . \V, Studies on the relation of 
iinlin to the thyroid. I. The effects of 
feeditip; iodin to normal and thy loidee-fo- 

niized tatlpoles 3t)7 

Studies on the relation of iodiu to the 
thyroid. II. Comparison of the thyroid 
idiiiids of indin-fed and normal frog 
Ini'Viio 417 

T adpoles, studies on the relation of 
iodin to the thyroid. 1. The effects of 
feeding iodiu to normal and thyroidec- 

toniized 337 

Thyroid. T. The effects of feeding iodin to 
normal and thyroidectomizetl taupules. 
Studies on the relatton of iodin to the — 337 

. II. Comparison of the thyroid gl!UHl.s 

of iodiit-fed and iiormal frog larvae. 
Studies on the relation of iodiu to the — 417 
Tlnroiilectomized tadpoles. Studies on tlie 
relation of iodin to the thyroid. I. The 
effeets of feeding iodin to normal and. . . . 337 
Toxins. The reaction of Selachii to injec- 
tions of various non-foxio solutions and 
suspensions (including vital dyes), and to 

excretory Hll 

'I'umor, An hereditary 507 

U HOLEFTES niobills, Engelm. I. His- 
lory of the luiclei during division and 
conjugation 2!).3 

V ITAL dyes), and to excretory toxins. 

The reiietion of Selachii to injections of 
various non-toxic solutions and sus- 

pensioii.s (including 101 

- - stdining, with obsor vat ions on phagocy- 
tosis in liio corneal epithelium. Demon- 
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\olvux globator and Tandorina morum. 
Reversion in the sense of orientation to _ 
light in the colonial forms 307 

tTlTHITlC GEftTHUOB M.xrean. Associa- 
W tion and color discrimination in mud- 

nun nows *.nd sticklebacks 443 

Z IaBRA lleilprin. Assortive mating in a 
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Microscopes 

TIii; ACCKTl K!) STANDARD 

ARE AGAIN IN THE MARKET- 

backed by the prestige which at- 
taches to successful war 
service m any 
significant 
capacity. 

Our release from this service is of course gradual. 
As tha demands made upon us by the government 
are lessened from month to month, however, we are 
enabled to increase deliveries proportionately to our 
other patrons. 

Write for complete catalog of our revised microscope 
line and inform us regarding your requirements. 


gausch g Ipmb Optical 

NRW YORK WASHINGTON SAN FRANCISCO 

CHICAGO ROCHESTER, N. Y. LONDON 


Le.'idi.is!; AnuTicaii Makers of Microscopes, Projection Apparoins jlk'lopti- 

cons), IMiotosraphic and Ophthalmic lAoises. limocui, US, . 

Siahts, Soarchlislht Reflectors and other lliSh Grade Oplieal rotlin , 



THERESA SEESSEL 
RESEARCH FELLOWSHIPS 

TO PROMOTE ORIGINAL 
RESEARCH IN BIOLOGI- 
CAL STUDIES 

YALE UNIVERSITY 


Two fellowships yicUling an income of St,ooo 
eacli, open to men or women. Preference is given 
to candidates who have already obtained their Doc- 
l( irate, and ha\e demonstrated by their work 
fnness to carry on successfully original research 
of a high order. The holder must reside in New 
Haven during the coiiege year, October to June. 
/Vpidii aliens should be made to the Dean of the 
Graduate School, New Haven. Conn., before hlay 
r . iQiy; they should be accompanied by reprints 
of scientific imbUeations and letters of recommen- 
dation, and a statement of the parti^iflar prob- 
lem which the candidate expects to investigate. 


PUBLICATIONS OF 

THE WISTAR INSTITUTE OF ANATOMY AND BIOLOGY 

PHILADELPHIA, PA. 

JOURNAL OF MORPHOLOGY 

Devoted to the publication of original research on animal morphology, including cytology, 
jirotozoologv. and the embryology of verfebrate.s and invortcbrate.s. Articles do not usually 
exceed 50 pages in length. 

Published quarterly, price per volume of 600 pages, S9.00. 

THE JOURNAL OF COMPARATIVE NEUROLOGY 

Piililislies the results of original investigations on the comparative anatomy and physiology 
of the ncrvoiLS sy.steni. 

Appears bimonthly, price per volume of .tOO pages, S7.50 Domestic, S8.00 Foreign. 

THE AMERICAN JOURNAL OF ANATOMY 

Devoted primarily to the iiilerc.-tS of anatoiiiy as taught in the Medical l^cliools of the 
United States and to tlie developiiierit of scientifie anatomy in these schools, riiblishcs re- 
searches only. 

Issued bimonthly, [irlce [ler volume of .'lOO jiages, S7.50 Domestic, $8.00 Foreign. 

THE .ANATOMICAL RECORD 

For the prompt publienlinn of coneise original artieles on vertebrate anatomy; [irclimi- 
nary reports; technical notes; crilicul notes of interest to anatomists and short revicuvs of 
noteworthy imblications. 

Issued monthly, price per volume of 100 pages, $5,00 Domestic, $5.50 Foreign. 

THE JOURNAL OF EXPERIMENTAL ZOOLOGY 

Publishes paoeis eiiibndying the resull.s of original researches of an experimental or ana^ 
lytical nature in tlie field of zoology, 

Ai)|>ears eight times a year, price [ler volume of 500 imges, $7.50 Domestic, $8.00 Foreign. 

THE AMERICAN ANATOMICAL MEMOIRS 

Publishes original monographs based on experimental or descriptive investigations in the 
field of Anatomy which are too extensive to appear in ihe current ]ieriodicals. Each number 
contains only one monograph and is priced according to the number of pages and illustrations 
contained. List of monographs already published sent, on application. 

BIBLIOGRAPHIC SERVICE 

Every pajier accepted for publication in one of the above periodicals is accompanied by 
the author's abstract. The abstract is printed on one side and the complete bibliographic 
reference to the paper ns it will eventually appear is printed on the rever.se .side of a standard 
library catal ogue card. These cards are issued in advance of the journal eont.aining the paper. 

Cards of the Bibliographic Service covering all papers publi.shed in the six journals for the 
year ending June 1, 1919, sent postpaid for $3.00. Cards for the year ending June 1, 1918, 
can be supplied at the same price. 

Japanese, Chi.nese and 8r.v\isH editions or the Wisr.ui Institute pudlic.ationr are 

ALSO ISSUED, '» 

These publications enjoy the largest circulation of any similar journals' published. 

Papers for publication will be received by any editor of any of the above mentioned jour- 
nals, or they may be sent to The Wistar Institute to be forwmrded to the proper editor. 









